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SECTION I 


INTRODUCTION 


This report summarinos the results of a oofl»bined analytical and experimental 
studi’ to determine IFR appi'oaoh path dispersions under manual and autonsatic eon- 
trol. These dispersions, in turn, are the basis for missed approach criteria. 

The basic motivation for this research stems from recognition that the future of 
V/sTOIj airerait, as a viable transportation mcdiiun depends upon .implementation 
of appropriate temiinal control teelmiques and safety phi losoplii es . Accord i*ij:ly, 
the ompliasis is directed at tlie {generation of a dual (autoniatii' and manua.lly v'ci'i- 
trolled) system for tlio {’.ui dance and c-oni roi ol' the XV-!’' aircraft on approUi’h 
to evaluate performance in tliis critical terminal flipdit rof.ime. 


A . SCOPE 

The purpose of this proi'nuii is to (generate performance data for tlic XV-l*' 
Tilt Rotor aircraft and control system operating, in the terminal area witli a 
digital avionics system. Tins data is required to assess effov’ts of the system 
elements (XV~1h, fliglit patlus, navigation aids, guidance and fllglit dirccLor 
laws, etc.), coiiunand inputs and disturbances in terms of the precision of con- 
trol, pilot workload and available margins of safety. Tliis data, in turn, 
provides insigltt for design of appropriate automatic or manual approach monitor- 
ing criteria for tiio XV-l;?. 

This research assumes operation within tlic practical consLraitits and eperat- 
ing limits of the ,XV-1‘> aircraft. XV-1^ performance margins (o.g., tiirust/power 
ami rote of sink), vibration, and rotor structui'al fatigue limits as dofined in 
Refs, 1 and J preclude descending, on tlio steep glide slopes [e.g -o dog 

10 rad), -ti deg (- 0 .IJ 4 rad) an i -10 deg I'nd) wliilc .Iceolerating in 

Airspeed Ln other Uian t lie helicopter mode or cent': gurat i on [i .e., pylon at '■X'' 
deg, (1 .t) rad)). Therefore, neither the automatic nor Uie manual systems require 
consideration of a coiif iguratioii managometit command mode (e.g., modulation of 
pylon and flaps). Furthermore, only the conventional displays mid control 
associated with the XV-1|> aircraft are considered. Tims, the many and varied 


considerations associated with abort procedures, safety margins, engine-out 
conditions which are of concern before and during the transition to the heli- 
copter mode of flight are non-operative. Therefore, the pilot need only concern 
himself with the final stages of the approach — deceleration to a hover on a 
descending, perhaps curved, flight path while in the terminal area. 

B . APPROACH 

The research consists of three major elements. The first of these is the 
development of a compatible set of guidance, autoland, and flight director laws. 
The word "compatible" refers specifically to the requirement that manual (using 
the flight director) and automatic (with the autoland system) control laws be 
compatible not only with the approach requirements but also with each other. 
Autoland systems capable of decelerating flight to a hover have been built and 
flown (Refs. 3 and 4). Flight director configurations with similar capabili- 
ties have also been flown (Ref. 4). Designs to date are not without pilot 
reservations — primarily because the flight director was apparently treated 
as an adjunct to the autoland system rather than a separate system with its 
own (pilot- centered) requirements in addition to the fiuidamental guidance 
requirements common to both manual and automatic systems . 

The second element is the assessment of this system by means of exercise of 
a digital simulation of its characteristics. A statistical approach to the 
evaluation of the system performance is used. While the necessary statistical 
performance data could be developed using a Monte Carlo approach, the more 
ofx’ective and efficient covariance propagation teclinique is used. This pro- 
vides statistical descriptions of performance directly in terms of dispersions. 
Further application of this teclinique is used to develop approach monitoring 
criteria . 

The third key element is verification of system suitability and performance 
by means of man- in- the -loop simulation (fixed base) at Amec Research Center. 



C. ORGANIZATION OP THE REPORT 


The remainder of this report is ortjanired into seven soetions and throe 
appendices. The next three sections detail development of the {juidanee, auto- 
land and flight director control laws . The first of these three sections 
svunmari'.'.es the qualitative design requirements in consideration of the tasks, 
XV-15 characteristics, pilot-centered considerations, operating environment, 
etc. Quantatlvc dovclopnent of the longitudinal and lateral-directional designs 
is contained in Sections III and IV, respectively. 

A statistical analysis of the approach and touchdown dlsperions for t’ncsc 
longitudinal and latei*al-dlrcctionaX systems is reported in Section V. Section 
VI recommends missed approach criteria based oti tho statistical analy.sis. 

Rosalts of tho fixod-baso, man-in-the-ioop simulation are reported in 
Section VII, while the maiti conclusions from this rcsoaivii prognuii are sum- 
muriaed iti Section VIII. 

Two appendices cover basic aivcrai’t data, equations of mol ton and 

pnriuneter values used in tho system porformanoo analysis, and the eqviat’onc 
suitable for pivg.riuiimi ug tlio guidance, autoland and flight director control 
laws and logic for tiic VSTOLAMD Rcseareii Computer. 
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SECTION II 
SYSTQ4 REQUIRMENTS 

System requirements are established on the basis of mission phase or task 
definitions; fixed characteristics of aircraft, SCAS and disturbance environ- 
ment; feasible competing systems capable of meeting mission or task objectives; 
and assessment of the favorable and unfavorable points for each competing sys- 
tem. Establishing roquix’ements is a qualitative process for narrowing the field 
of potential system solutions to be analyzed in quantitative detail in Sections 
111 and IV. 

A. TASK DEFINITION 

The mission phases of concern in this study are limited to terminal area 
vectoring, initial and final approach, and landing. The XV-V^ is assxuned to 
be operating in the helicopter mode over its complete speed range In that inode. 
Vortical landing, curved initial approach path and variable glide slope capa- 
bility must bo pz'ovidcd. AJJ. navigation and guidance measurements required for 
these tasks are obtained from the VSTOIAND navigation system. 

B. FIXED CHARACTERISTIC3 
1 . XV -15 Aircraft 

The unau{;mented XV-11.) aircraft in the helicopter mode has tlie usual helicop- 
ter handling deficiencies plus a unique lateral-directional roll control rever- 
sal problem in the 40 kt (:?1 in/s) reghi'P and s igni f leant lack oJ‘ .i Ircct i otiul 
stability below kt (.’1 m/s). These latter polits, in turn, place special 
re<iui rements on tiie lat»nvil-d 1 recti onal S('A3 . All basic Imndling .iel’i.-icncic.s 
are In Table ?. (Table 1 is baso.l upon the stability kicrlvative 

dat a in Tables A-^t and A-o and the Iransfcr timet ion .lata in Table . 
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TABLE 1 


BASIC XV- 15 handling DEFICIENCIES 
LONGITUDINAL 

Low heave damping below 4o kt* 

Long-term attitude response to stick input 
is near zero 

Unacceptable short-term attitude to stick 
responses at low speed 


LATERAL-DIRECTIONAL 


Very low dutch roll frequency at all speeds 
(low cufl) 

Negative or low dutch roll damping at all 
speeds (low 

Unstable spiral mode 

Large shift in instantaneous center of rotation 
(~^6ped/^6ped^ between 60 and 80 kt 

Roll reversal at 4o kt 

Poor yaw rate to pedal characteristics 

Large adverse yaw at speeds below about 70 kt 


*1 kt = 5.1^^^ X 10-1 


2 , Disturbance Environment 

The disturbance environment considered includes longitudinal^ normal, side 
and effective rolling gusts, steady winds and wind shears, MLS azimuth, eleva- 
tion and DME noise. Math models for each of these disturbance effects are given 
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in Appendix A. Effects of curved path commands and of pilot abuse of system 
operating procedures are also considered. 

3 . Stability and Control Augmentation System 

(SCAS) 

The Installed SCAS is a rate-command, attitude retention system. Installed 
series actuators have very limited [ ±1 in . ( iO .025 m) ] authority because the aug- 
mentation is single -thread. The original intent of this project was to design 
the guidance, flight director and autoland control laws to work with the SCAS as 
installed. However, the fact that the electrical inputs to the series servos 
shown in Fig. l6 of Ref. 5 are not in actuality available, and that the attitude 
hold (more properly, retention) feature is only introduced when there are no 
pilot inputs, caused modification of the original ground rules. Modification is 
necessary for manual flight director operation because the attitude feedbacks 
are cancelled whenever the control stick is moved from the detent. This defi- 
ciency might be corrected by using the attitude SCAS feedback full-time (an 
availaole option), but then an attitude command system results. Attitude com- 
mand systems demand series servo deflections which substantially exceed the 
in.?talled series servo authority. That this is so is illustrated in Fig. 1 . 

Parts a and b compare the series servo deflection required for attitude command 
and rate command pitch SCAS systems in order to cope with a reasonably large 
wind shear. It is evident in part a that much of the series servo deflection 
is devoted to cancelling the parallel servo output for the attitude command 
system . 

An alternative solution might be to include the required attitude feedback 
signal on the flight directors, but this is sure to result in an unacceptable 
level of flight director activity from the pilot’s viewpoint. 

For the above reasons, the ground rules were modified to permit design of a 
new, rate -command, attitude -hold SCAS operating within the authority limits for 
the installed series servos . 

Provisions for interfacing the VSTOLAKD system with the XV-I 5 is through the 
force feel/autopilot actuators in the longitudinal, lateral, and dir'^'ctional 
control systems. The cockpit control motions are also introduced into the 
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Figure la. Response to Large Wind Shear — Attitude Command SCASj V = 6o kt (31 m/s) 




aircraft priinary controls through the force feel actuators . Input to the power 
management system is through the power lever actuator. 

C. REQUIREMENTS AMD COMPETING SYSTM AIiTERNATIVES 

Definition of competing candidate systems proceeds directly from formulation 
of system requirements . Requirements for both the manual (using flight director) 
and automatic (autoland plus autopilot) landing systems are addressed simultane- 
ously, This is possible because of a NASA stated requirement for similarity in 
behavior and performance for the two systems. This dictates systems which are 
functionally similar, that is, have similar loop structures. 

However, there are a few significant fundamental differences between the 
manual and automatic systems which are appropriately identified at the outset, 
e .g. : 

• Control authority and limits — The automatic system has less 
because the pilot has access to additional controls (the 
flight director controls pilot inputs, not outputs); and it 
allows for pilot takeover (e.g., the pilot can override the 
PFS actuator because of its limited force capability) . 

• Integration — An automatic system will often have integrators 
to drive the steady-state errors to zero while the flight 
director system cannot include such functions because of 
excessive attentional demands . 

• Monitoring criteria — The monitoring and associated takeover 
criteria for the two systems may differ for a number of 
reasons. Basically, the pilot has only conventional instru- 
ments while the automatic system potentially has access to 
more variables and may operate on different computed combina- 
tions of variables . 

With these qualifications we can proceed to establishing requirements and 
then to definition of the candidate competing systems . 

Requirements can be grouped as follows: 

• Guidance and control requirements — Fundamental and indepen- 
dent of whether the controller is an automatic or human pilot . 

• Pilot-centered requirements — Relate to the fact that the 
controller is a man (pertains to the flight director design) . 


9 


A summary of the requirements central to design of these systems is given 
in Table 2. The satisfaction of these requirements from basic considerations 
leads to tl:.e selection, sensing, shaping, and relative weighting of appro- 
priate feedbacks (and feedformrds) in a way which is best for manual control 
using the flight director and (with adjustments) to autoland. The pilot-centered 

TABLE 2. pilot/vehicle SYSTEM REQUIREMEHTS 

Guidance and Control 

• Command Following 

• Distxirbance Regulation 

• Stability and Damping 

Pilot "Centered (Refs. 6 and 7) 

• Minimum Pilot Compensation 
— Feedback paths 

— - Equalization 

• Response Quality 

• Frequency Separation of Controls 
(Table 3) 

• Non-Interaction of Controls 

• Insensitivity to Pilot Response 
Variations 

e Remnant Suppression 

requirement for frequency separation of controls is very important for keep- 
ing pilot workload within acceptable bounds. This requirement can be met by 
two alternative choices for axes to be controlled by manual flight director 
or automatic systems. These two choices are Option A and Option B. 

Option A 

• All height control is manual. 

• FDlAT goes automatic in hover to be consistent with FD^jj 
and to mln-finlze workload. 

• Would require series actuator on collective. 

Option B 

• Lateral and longitudinal cyclic are primarily manual controls 
for entire approach. 

• Heading is fully automatic. 

• Display collective trim shifts on FDql, e.g., step commands 
for vertical descent 
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The specific use of manual flight director or automatic control is detailed 
by control axis and approach mode in Table 3 for both options. The require- 
ments of Table 2 are related to key longitudinal and lateral-directional 
feedbacks in Table 4. 

Once the key alternative longitudinal and lateral-directional feedbacks 
for meeting the requirements are identified, additional pilot preferences 
concerning VTOL approach technique are imposed. These preferences are sum- 
marized in Table 5* 


TABLE 5 

manual/ AUTOMATIC CONTROL AXIS ALLOCATION OPTIONS FOR THE 
"FREQUENCY SEPARATION OP CONTROLS" REQUIREMENT 


OPTION A 


MLS 

FDcl 

FDlat 

(crab or 
wing low) 

Automatic 

Automatic 

Deceleration 

FDci, 

FDlAT 

Automatic 

Automatic 

Hover 

FDcl 

Automatic 

Automatic 

Autoniat Ic 

Vertical 

Descent 

^CL 

Automatic 

Automat ic 

Automatic 

OPTION B 

MLS 

Automatic 
+ trim 

PDlat 


Automatic 

Deceleration 

Automatic 
+ trim 

PDiat 

FDiji 

Automat ic 

Hover 

Automatic 
+ trim 

pdlat 

pDln 


Vertical 

Descent 

Automatic 
+ trim 

FDiat 

FDlN 

Automatic 


11 


TABIE J* 

'S AMD COMPETING SYSTEM ALTERNATIVES 
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TABLE 5 

CONSIDERATIONS AFFECTING CIK)ICE OF LATERAL PATH 
CONTROL TECHNIQUE (STRAIGHT LOCALIZER) 

(From Refs . 8 and 9) 


WING LOW 


Pro: Flight test showed pilots con- Pro: 

trolled localizer with greater 
precision using wing low . 

Consistently selected wing lew 
shortly after intercepting 
localizer (pages 11 and 12 of 
Ref. 8.) 

Con; Wing low limited to ±5 deg* of Con: 

bank for pilot acceptance (about 
10-15 hff crosswind). 

Pilots show some concern for 
steady lateral acceleration . 

Concerned about lack of excess 
control capacity when at 4 or 
5 deg bank. 

Conclus ion : Best solution is to use crabbed approach for higher speeds 

wherein precision of heading control is not a problem and 
wing low at lower speeds . At lower speed Yy is very small 
for the XV-15. This permits the wing low technique to be 
used without requiring large bank angles, and avoids the 
heading control problems cssociated with crabbed approaches 
at low speeds . 

deg = 1 .7^5 X 10“2 rad. 

M kt = X 10-1 m/s. 


B. SUMMARY 

The longitudinal SCAS is a rate -command/attitude -hold system for all phases 
of the approach. Analysis of each phase of the approach has shown that attitude 
command is actually closer to optimum in terms of meeting the pilot-centered and 
guidance and control requirements. In addition, it minimizes system complexity. 
The decision to use rate-command/attitudo-hold is based entirely upon require- 
ments imposed by the limited authority series servo. A 2 kt/sec (l m/s) wind 


CRAB 

Crab can handle large cross- 
winds . 

Only way to descend verti- 
cally and land in significant 
wind is to point into the 
wind if Yy is significant . 

Precise heading control is 
very difficult at low speed . 
Small deviations in q> result 
in large f excursions since 
r = gtp/V. 
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shear for 15 sec requires a series actuator displacement of 2 in. (0.05 m) for 
an attitude comnijind system, which is double the existing authority. The rate 
command system requires only 1/2 in. (0.015 series actuator displacement for 
the same input. The basic deficiency of the rate command system is that it 
adds an additional integration to the effective aircraft dynamics, requires 
more complex equalization, and produces, in some cases, less desirable flight 
director and aircraft response characteristics. Points favoring the rate com- 
mand system include the elimination of trim requirements (with a corresponding 
decrease in pilot workload) and considerable pilot acceptance in recent years 
in test aircrai't . 

The lateral SCA.S has been configured as a rate-ccmmand/attitude-hold system 
for all flight conditions from cruise to hover, vertical descent and touchdown. 

It is a well-established fact that attitude command is superior to rate command 
during hover. However, lateral attitude command at significant forward speed is 
less desirable than rate command because of the need to hold a constant lateral 
stick input for the wing-low mode or for the curved path tracking mode. Hence, 
it would be necessary to use rate command during the approach and phase into 
attitude command at some point approaching hover. To be successful such blend- 
ing would require a scries of manned simulator experiments to establish its 
pilot acceptability. These experiments are beyond the scope of this effort. 

In the final analysis, the low authority series servos [±1 in. (i0.025 .m)] of 
travel] effectively eliminates all but one manual control system (rate command, 
attitude hold) . It is therefore not possible to exercise the full range of 
usual considerations of guidance and control and pilot-centered requirements in 
the competing systems tradeoff analyses. In fact, there is considerable evi- 
dence indicating that rate command is among the least desirable SCAB configura- 
tions for precision IFR hovering. This results in the difficult position of 
having to optimize a system within given constraints which are known to lead to 
a fundamentally deficient manual control system. Based on currently available 
data Cooper-Harper ratings on the order of 4 to 6 are expected for hovering in 
turbulence under instrument meteorological conditions (IMC). An advance in the 
current state of the art would require a tradeoff between an attitude command 
and a translational rate command (TRC) SCAS for hover. Issues such as consonance 
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between pitch attitude and stick position with a TRG SCAS in a helicopter would 
represent the key tradeoffs if actuator authority were not the lijniting factor. 
A good TRC SCAS would be expected to yield pilot ratings on the order of 2 to 3 
for hovering in IMG in turbulence. 


The system requirements developed in this section lead to the selection of 
the "best*' longitudinal and lateral-directional systems which are analyzed in 
dGtf&lJ. in Sections III find IV^ respectively* 
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SECTION in. 

LONGITUDINAL SYSTEM DESIGN 


A. SYSTIM SUMMARY 

A summary of the longitudinal system is given in the block diagram in Fig. 2. 
The feedback path equalization and switching logic shown in Fig. 2 includes pro- 
vision for the following modes: 

• Altitude hold 

• Constant speed approach on MLS flight path 

• Deceleration on MLS flight path 

• Hover on MLS flight path 

• Hover at constant altitude 

• Vertical descent to touchdown 

A summary of the gains and time constants for the longitudinal system is given 
in Table 6. 

The basic design philosophy is to treat the flight director design as pri- 
mary. The automatic system design is then obtained by a simple replacement of 
the pilot block in Fig. 2 with an automatic system gain. The gain values labeled 
Kc in Table 6 reflect the value to be inserted for the Yp^ block in the automatic 
mode. The collective axis Is fully automatic throughout the approach. 

Plots of open-loop flight director frequency response to long'tuainal cyclic 
are shown for each mode throughout this section to illustrate the degree to 
which the desired K/s frequency response characteristic has been achieved. The 
airplane plus flight director sensitivity (K) was not optimized at the time 
these plots were made. Reference 10 has established that the optimum K Is O.U 
Inches/sec of f. light director bar deflection per inch of stick displacement. 

The values of in Table 6 reflect the final adjustment necessary to achieve 
a 0.4/s flight director. The autopilot gain Kq is simply the pilot gain used 
for the closures in this section adjusted for the final Kpp^. 
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Figure 2 . Longitudinal System Block Diagram 
















TABIE 6. SYSTEM GAINS AND TIME CONSTANTS 

1, Rate Cownand/Attltude Hold SCAB (All Modes ) 

Ke ° ln,/x«<i 
KJ « fl ln./(rad/aec} 
a a 1 (1/eec) 

** ^**39 l/aec 

2. Constant Speed Glide Slope Tracking, X < Xp 





T(ir0 • 5 sec ■ l/cnug 

Kd “ 

0.01 in, /ft 

Tu = 0.67 see * l/s\j 

Kd » 

0.19+0.00296Vias !■“•/( ft/sec) 

■ 10 sec 


(Vi/jg in ft/sec) 

Tro, - 0.222 see = 

k6d = 

1.0 sec 

TfD 2 " 0.222 see ■ 

KfDc “ 

1.43 in. /rad 

k - 7.5 

KCI » 

5.0 

^^e “ *“ 5*2 

^rci. ® 

1.0 (1/see) 

Ti “ 0.25 see » l/*®!! 

Ku • 

- 0.005 rad/(ft/see) 

Deceleration to Hover, JC© < X < Xf 



Tct “ 1 sec ■ \/ibj 

Kd V 


Tm, • 0 . 222 -see - l/«pu 

Kd I 



> 

Sesie as for X < X^ 

®ID2 * 0.222 see ■ l/“^Dg 

k<:l I 


Ken ■ ®‘5 sec 

Kkl / 


*FDc “ 2*52 In./rad 

Td - 

0.25 sec 

Rover, X > Xf 



■ k.o sec > 1 /Qm6 

SpDc ■ 

1.8 In./xad 

Tpu, - 0.5 sec « i/o 5 ^^ 

Sc - 

Opj.g(0)Kg “ 3.2 

TfT52 • ®*222 Sec - l/opug 

Kd “ 

Kh - 0.01 In. /ft 

Kdd “ 1.35 sac 

Kd - 

^ « 0.053 la./(ft/scc) 

Kftx ■ 16 sec^ 

KCI ■ 

5.0 

■ 8 see 

Knjt » 

1.0 (t/soc) 

K, m - 0.005 r»d/ft 



Vertical Descent 



*roi, TfDg, 

Kh - 

0.032 In. /ft 

K0D> **» *H» 

a 

0.20 ln./(ft/aec) 

K6c» KiBc# and K© 

*CL ■ 

1.0 

ssoe es Rover 

KiCt " 

1.0 (l/sec) 

20 

- 

7 ft (l6 ft In perfonnnnce evaluation) 



The remainder of this section contains a description of each of the modes of 
the longitudinal system, and includes a brief account of the rationale used to 
select equalization feedbacks and time constants. 

A basic design concept for this system has been to limit the number of 
active flight directors *o one in the longitudinal axis (and one in the lateral 
axis). This design concept follows directly from the pilot -centered requirement 
for frequency separation of controls (discussed in more detail in Ref. TO). 
Furthermore, a single control should remain primary throughout the approach. 

That is, the same control should be primary from glide slope intercept to touch- 
down. Longitudinal and lateral cyclic have been designated the primary con- 
trols for this design. This turjis out to be a fortunate choice since the 
possibility of adding a series servo for the collective axis ii currently 
unlikely. However, a strategy for including the collective control as an 
inherent part of the manual mode has been included to provide a backup posi- 
tion. In the event that a series actuator should become available for the 
collective axis, the manual flight director signal for tliis axis is available 
directly in the current system design . 

B . LONaiTUDIN/O, SCA3 

The longitudinal SCAS is a rate- comma lui/attitudo- hold system for all phases 
of the approach. 

The stick shaping equalization shown in Fig. 2 was designed to produce a 
pure rate command in the presence of a mechanical parallel path. The forward 
loop integrator, (s + a)/s, is required to get good mid- and low-frequency atti- 
tude responses. The mid- and low-frequency attitude response of the basic XV-15 
is poor in the extreme. The feedback gains set to achieve an 

attitude bandwidth of between 1 and 2 rad/sec. This corresponds to a Kg of 
0.2 in. (0.001? m) of series servo travel per degree cf attitude. Since the 
maximum series servo authority is 1 in. (o.O.:‘p m) , SCAS limiting will occur 
at 5 deg (o.09 f 2 \d) of pitch attitude deviation froii. trim. This is expected 
to be marginal but acceptable. Lower values of pitch attitude feedback gain 
Would minimize the limiting problem at tlie expense of unacceptably low attitude 
baijdwidtli. Tlie frequency response characteristics In attitude with and without 
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the SCAS are shown in Fig. 5 for 60, 40, 20 and 0 kt ( , 21 , 10 and 0 ra/s). 

It is not necessary to change the gain as a function of flight condition to 
achieve these results. The rate coirenand feature of the SCAS is obtained by 
setting in Fig. 2 equal to 2.09. This results in 10 deg/sec (O.l? rad/ 
sec) of pitch attitude per inch (0.025 m) of longitudinal cyclic stick deflec- 
tion. This control sensitivity was found to be optimum in the study done in 
Ref. 10. 


C. COHSTAKT SPEED GLIDE SLOPE TRACKING 

The feedbacks which are active (switched in) for constant -speed glide slope 
tracking are listed below: 

• Washed-out pitch attitude — Pitch attitude is required for 
flight director equalization and is vjashed out to avoid 
standoffs between the indicated airspeed and trim attitude. 

• Pitch attitude rate — This feedback is also required for 
flight director equalization. Roll stabilized pitch rate 
must be used (that is, d in distinction to q) to avoid 
large pitch-down commands during turns . 

• Airspeed feedback — The airspeed feedback has been lagged 
by 17T^ to keep high-frequency gu.sts from exciting the 
system. This in turn results in unacceptably low phase 
margin in the flight director loop. To ovorooms this, 
longitudinal acc deration- indcpendcnt-of-pitch is pseudo- 
integrated and complemented with lagged airspeed. For 

a perfect complementary filter, the constant h is set 
equal to unity (see Fig. ~ at right-hand side). If k is 
greater than 1, a lead-lag on the speed feedback results; 
and if k is i.oss than 1 a lag-lead results. Flight direc- 
tor equalization requirements dictate a lead-lag corre • 
spending to k - 7.5* 

The frequency response characteristics of the longitudinal flight director 
to longitudinal cyclic input arc shown for uO and 4o kt (51 and 21 m/s) in 
Fig. 4.* This figure indicates that the desired K/c response is acliieved iqi to 
about 2 rad/soc at CO kt (51 m/s) and 5 rad/seo at 4o kt (21 m/s). While it 
would be desirable to have the K/s region extend to a Ivigher frequency, espo- 


*Figure 4 has root locus information ovciplottcd on the frequency response, 
G(joi). This root locus information plots tlic nodulus for each closed-loop root 
(read on the frequency axis) as a function of the inverse of the open loop v.ain 
(rend on the dB magnitude axis). The interested reader can find a more detailed 
exposition on pages 155-153 of Ref. l4. 
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Figure 3. Frequency Response Characteristics of the Attitude Hold Feature 

of the Rate Command /attitude Hold SCAS 
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Figure 3b. Open-Loop Frequency Pesponso Characteristics 
for Pitch Attitude in Response to Longitudinal Cyclic Pitch 
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qially at 60 kt (31 m/s), it is felt that the current system will he adequate. 
Extending the K/s region to higher frequency would require increased SCAS 
bandwidth which is currently limited by the series servo authority. Therefore 
bandwidth extension is not possible with the current system. 

The requirements imposed on the longitudinal flight director to achieve 
regulation of the glide path with collective while pitch attitude is constrained 
by means of the longitudinal cyclic control are best illustrated by the follow- 
ing equation (from Ref. 7 ); 



An examination of the transfer functions in Table 7 reveals the following 
facts concerning the above equation: 

• 1/^01 cancels l/T^jg at all flight conditions so that 

the form of d/SgL is 



• The bandwidth of Is defined by i/Tq- and is 

unacceptably low at 0 and 20 kt (O and 10 Ift/s) and 
is marginal at tO and 60 kt (21 and 31 m/s) . 

• Augmentation of i/t$ 2 will be achieved by feedback of 
beam rate (approximately vertical velocity) to the 
collective control. This indicates that the f ully 
automatic collective control will act simultaneously 
as a SCAS to augment l/T^g and as a path control func- 
tlor to regulate the glide slope errors to zero by 
virtue of beam deviation feedback to the collective 
control . 

The transfer functions for flight path angles of -6 and -10 deg (- 0.10 and 
- 0 . 17 ) at IfO and 60 kt (21 and 31 m/s) (see Table 7 ) are essentially identical, 
indicating that the effect of flight path angle on vehicle dynamics is sraaU 
and can be neglected. 
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The above discussion indicates that the beam-rate-to-collective transfer 
function can be approximated by a first-order lag located at l/T0g. The 
collective flight director response to a collective control input can be 
approximated as follows: 



From Refs. 6 and 9 a value of K - 0.01 in. (0.0002p m). of flight director per 
foot (meter) of altitude error appears to give the appropriate sensitivity 
throughout the approach. The glide slope noise filter time constant Tji was 
set to 0.25 sec for noise rejection. was set so that Eq. 3 could be factored 

as follows: 


s + 




thus providing the required zero at 1/T02. The resulting values of Ka/K^ 
were plotted versus speed and fitted to obtain the following expression for 


- " 9 - ^ - :boyv s; - ''ias 


The above values for K<i, Kd> and result In a K/s open-loop collective 
flight director response at all frequencies. This is shown in Fig. 3 for 
80 and UO kt (in and 21 m/s). VmUe the collective axis is fully auto- 
matic in the current system, the basic approach of first designing the flight 
director was used to improve monitoring characteristics for this control axis 
and to allow for possible future low-frequency manual control of this axis. 

Referring to Fig. 2, the block normally allocated to the pilot (just 
downstream of T) is shown as a constant Kql ® parallel integration KjgL* 
The parallel integration is included in the forward loop to eliminate the 









possibility of stajidoffs . These automatic control paths provide control action 
which is equivalent to human pilot manual control action. That is, a pilot 
would not allow a constant flight director error to exist. 

The speed control characteristics of the closed-loop longitudinal cyclic 
flight director system are checked by means of the speed -error -to -speed -command 
and speed-error-to-horizontal-gust frequency responses. A pilot model with a 
crossover frequency of 1.5 rad/sec and an effective delay of 0.1? sec is assumed 
for longitudinal cyclic control. 

GFFS(0)Ypc = (6) 


The frequency response characteristics are shown in Fig. 6. These responses 
reveal the following facts; 

• Speed responses to horizontal gusts and speed commands 
exhibit zero steady-state errors. (Tuc set to zero 
to check this aspect of closed-loop system performance.) 

• A bandwidth of about 0.12 rad/sec is achieved for speed 
command innuts. This bandwidth results from a tradeoff 
between conflicting objectives for tight speed control 
and minimum pitch attitude excursions. Aircraft with an 
additional control for controlling airspeed generally 
have higher speed control system bandv/idthj however, a 
bandwidth of 0.12 rad/sec is well within the acceptable 
range for an aircraft using pitch attitude to control 
airspeed. 

• Maximum gust sensitivity exists between 0.12 and 2.0 rad/ 
sec This reflects the selection of the airspeed feed- 
back time constant of 0.67 sec at the upper end and the 
basic airspeed bandwidth of 0.12 rad/sec at the lower end. 

The frequency response characteristics of the glide path control system 
arc shown in Fig. 7 and indicate a bandwidth of about O.85 rad/sec. This is 
a fairly tight glide slope system. 

The final performance metric utilized to evaluate the system design is 
a critical wind shear disturbance taken from Ref. 11 . This wind shear is 
2 kt/sec (1 m/s) for 15 see, followed by a steady 30 kt (15 m/s) wind. 
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Tc put this in purspeutlvu. Ref. l, iuaicntes that this shear resulted In 
marsinal glide path control for a d 1 ,c -6 Twin Otter Aircraft. The tlce his- 
tories of the system response to this „i„d shear are shoun in Pig. e ahlch 
IS subject to tho tollowing interpretation: 

• The maximum speed error was only 9. <5 ffc/se.t q „ / \ 1. 

of a total 5, ft/sec (,55 «/t) disii-SjL 

• tf-'trsion „as about -0.1 rad or 

• (h:i?“ino^S’iL:“i5! i.) 

The peak glide path excursion \ras only >: ft (l.2 m) . 

The collective control moved to maximum of 1 9 in (n i^r \ 
or less than half Us total travel, 

D. DECELERATION ON GLIDE SLOPE 

Final deceleration to hover is a constam- 

i IS. a constant attitude maneuver in order to 

-n.„iue pilot uorhload. Inasaueh as the attitude response to a step longl- 
U ina cyclic input is a pitch rate, equalizing the flight director to a 

tre 

periorf'^ possible beyond the closed-loop short- 

1 equency of the rate-cca™.and/attltude-l,old SCAS. Open-loop flight 

ector responses to l.sigltudinal cyclic inputs for 20, to and ftl Kt (10, 

- nd i1 ,,,/s) arc shoe,, In Fig. ;j. me method used to emputo the incre- 
mental pitch attitude command 1„ fig. o) .uscussed later in this 

section. Inasmuch as the pitch aUitudn m . 

dnr-intr t auitudo IS the state variable being oommandod 

during this phase of tho antirini'ii j 

..M(4 , n pproachp it is inappropriate to wash out the pitch 

attitude feedb.aclt to the flight director. Therefore It v,s „c 

inolude tho suitchln,! logic shomi in Fir c necessary to 

remove tho washout cmiali-ation 
an pate attitude during the deceleration phase. The rationale for the ;i, 
■no logic ahoun in Fig. .1 m discussed as follous: 
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2kts/sec 



Time Eesponse Characteristics for a Large Wind Shear Input at V = 60 kt 



b) ^0 kts 


Figure 9, 


Open-Loop Flight Director Frequency Ror.ponse, 
Deceleration to Hover 
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1 . 


2 . 


5 . 


X < Xq (constant- speed approach phase) 


Attitude is washed out via Ga . 

Attitude is fed to both sides of the pitch attitude 
limiter to account for washout in the feedback. 


^ ^ ^o (deceleration phase) 

• The input to G^^ goes to zero rapidly. This wiH 
excite the washout circuit (looks like an input of 
the opposite sign) resulting in a transient output 
from Gq^ . Therefore# a switch is included downstream 
of ohe washout equalization to avoid this transient . 

• The switch at the input of Gog moves to the decel 
position. The synchronizer at the input of 
eliminates any transient at the switch point. ^ 

• The initial input to G$^ is zero and becomes 6 - 0qo 
(©02 = e at X = Xo) for^X > Xq. 

• The commanded value (ASjjgcgj^) must be referenced to 
the output of the synchroniser 0oo • Since 0op is the 
last value of pitch attitude before switching'^ from 
constant speed flight# ©og represents the nominal 
pitch attitude for zero acceleration along the glide 
path at the trim approach speed. The constant atti- 
tude for deceleration (/^decel) is blended in via the 
M function shown in Pig . 2 . This is done primarily 
to avoid sudden pitch transients when the system is 
in the automatic mode. Note that as the M function 
approaches unity# the speed feedback approaches zero 
due to the ( 1 — M) function in that feedback path . 

X ^ Xf (hover phase) 

• The washout circuit G 0 ^ is switched back in and the 
nominal attitude reference is 0 q, . Oq, is the nominal 
total pitch attitude used during the deceleration 
phase and is also defined as 0^. 

• G^g# ^decel are switched out. 

• The longitudinal position feedback for hover control 
is blended in via the N function. 


The switching ranges# X^ and Xf, are specified later in subsection H.2 of 
this section. 


Power required to maintain a constant glide slope increases drastically 
during the deceleration to hover as the airspeed falls bflow 6o kt (^1 m/s) 
(see Fig. 10). This fact results in initial excursions below the glide path 
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(In the abyenoo of ajiticipatory control action) which are ultimately eliminated 
by the closed-loop action of collective system in Fitj. 2 . Experience has shown 
that the initial excursions can be \macceptably large (see Ref. 6 ) . Therefore, 
an airspeed crossfecd signal (ABqt^ in Pig, P.) has been designed to add collec- 
tive in accordance with the ^owor -required characteristics of the XV- 15 . This 
is akin to the pilot's usual precognitive action to increase collective in a 
helicopter approaching hover. Review of the XV- 1 5 performance data indicated 
that the ASgL required Is osscntiiaiy the same for glide path angles -6 to HO 

deg (-0 10 to -0.1 r rad). The power inci'case required Is significantly gi'eater 
tor the heavier' weights and varies dli'octly with the density 'ratio p^ 3 /p. 
Straight-line approximations to the power -required curves yield tl\c following: 




{ ’ 


^ rK(w)](ioi.n - ViAs) 


K(W) 


Af'CL (^‘Jk) of eollcctivej in (in/sec) 


(7) 



-r~) 

m/sec f 

; W 

10,000 lb (Jih 36 kg) 


i”- / . ..J 

cm \ 

1 ; W . 

13,000 lb kvO 


I’t/see ( ^ * 

m/.sec ) 


H/sec 

cm \ 

W . 

1^,000 lb ((V\9t kg) 



(9) 


T!ic straight-line approximation is .least accurate at the 10,000 lb (V.>56 kg) 
weight wlicrc the peak ox’ror is about 00 poreent at .10 kt (i;,' m/s). This is 
of .little praetieal eonsequenee us the eloscd-loop glide-sU^pe-to-coLleetivo 
.system tends to nnppres.-! sin.\ll errors duo to improper trim power. Wind and 
wind shear will ai.io require .small trim power ineremeiits ^s•hieh must bo developed 
via elosed-.lt'op reg.u.lnt i en . 
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£. HOVER 


There are numerous references (e.g.. Refs. 12 and 13) which illustrate that 
hover control is best accomplished with an attitude command system. However, as 
stated earlier, the limited authority XV-I5 series actuator characteristics pre- 
clude using an attitude command system. The active feedbacks during hover 
control are washed-out pitch attitude, pitch attitude rate, range rate, range 
and body- fixed longitudinal acceleration. These feedbacks are weighted to pro- 
duce a k/s frequency response characteristic for the longitudinal cyclic 
flight director as shown in Fig .11. The lead-lag network included at the input 
to the flight director eliminates phase lag between the region where pitch atti- 
tude leaves off and longitudinal acceleration picks up to produce a k/s response . 
(Neither shaping nor body-fixed longitudinal accelerometer feedback is required 
to produce an ideal k/s response in the design of the system with the attitude 
hold SCAS.) 

The longitudinal position holdiiig characteristics in hover are shown by the 
frequency responses of position error to position command and position error to 
horizontal gusts in Fig. 12. The pilot model used is: 

Gffb(0)Ypc = (10) 

The position control bandwidth is about 0.35 rad/sec. This is well within the 
acceptable range. The position error response to horizontal gust characteristics 
indicates effective regulation against horizontal gust.s at all frequencies and 
no tendency toward low-frequency standoff. 

An indication of the attitude-to-position harmony characteristics of hover 
can be obtained from a physical interpretation of the hover position feedback 
gain (sec Fig. 2). This gain is indicative of the attitude commanded per 
unit positioii error. The system commands about 0.3 deg (O.OO5 rad) of pitch 
attitude per foot (0.30 m) position error. Thinking of it another way, 10 ft 
(5 n) of position erx’or will result in a 3 dog (C .052 rad)' pitch attitude com- 
mand. Hence, the bandwidth of 0.55 rad/aec shown in Fig. 11 is not obtained at 
the expense of excessive pitch attitude excursions during hover. 
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C^'y P. AI/riTUDE HOLD IN HOVER \ 

V. .V f 

When the radar altimeter reads 50 ft (15 m), the collective system reverts ^ 

to altitude hold. The team deviation and deviation rate gains used for glide • 

slope tracking during the terminal phases of the approach are equally appro- j 

priate for the altitude hold modej hence, and in the altitude t 

hold mode at 50 ft ( 1 5 m) . The same forward loop gain and parallel integrator 
time constant are also used [Kql ' 5 in./in. (O.15 inA )3 ^n'^ %CL “ ^ OAec)]. . 

Precision altitude control in the hover mode is required to maintain pilot 
confidence in proximity to the ground. The characteristics of the altitude 
hold system are verified by the frequency response in altitude to vertical 
gusts and the altitude time response to a I5 ft/sec ( 4.6 m/s) vertical gust. j 

These are shown in Pig. 13 - The time responses in Fig. 15a indicate a peak 
altitude error of only 2.5 ft (0.76 m) and peak collective displacement of 
1 .0 in. (0.025 ra). Figure 13b shows that the sensitivity to vertical gusts is 
low with no tendency for low-frequency standoff. 
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Q. VERTICAL DESCENT 

Once established in altitude hold over the hover point, the pilot manually 
initiates vertical descent. Inasmuch as the collective axis is fully automatic, 
the pilot simply continues to hold his longitudinal and lateral position with 
cyclic stick and monitors aircraft sink rate . The vertical descent mode is an 
exponential flare accomplished using collective control. The descent system 
uses a sink rate command which is proportional to altitude via the gain Kj^ (K^ 
is set to unity) . At initiation of vortical descent an altitude command 
(hQ + in Fig. 2 ) is introduced through the lag network l/(s + l). This lag 
prevents an abrupt down command at initiation of vertical descent which would 
be disconcerting to the crew . The shape of the descent profile depends on the 
altitude command Hg and the exponential time constant Kn- lie set equal to a 
few feet below the ground to insure a positive but not hard touchdown (h between 
-1 .5 and ft/seo (-0.46 and -O.92 in/s) . % is iset to achieve a reasonable 

icscent profile. A maximum descent rate of 500 ft/min ( 15 ^ m/min) was set some- 
what arbitrarily. Also, a descent time of between 10 and 15 sec was chosen to 
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avoid prolonging the maneuver . Because of the relatively short duration of 
the maneuver, the parallel integrator in the forward loop of the collective 
system is not required. It is removed to eliminate the phase lag penalties 
introduced by this integrator. Removal is accomplished by fading P to zero 
at vertical descent initiation. 

Time responses indicating performance of the vertical descent system in 
the absence of disturbances are given in Fig. l4. This descent profile results 
in a \h sec descent time with a peak sink, rate of 6 ft/sec (l .8 m/s) [560 ft/min 
(110 fl/min) ] and a nominal touchdown sink rate of 1 .8 ft/ sec (O.55 m/s). Devia- 
tions in sink rate (— lig) are eliminated well before touchdown. 

H. APPROACH LOGIC 

The switching logic in Fig. 2 divides the approach into five basic segments: 
altitude hold, glide slope track, constant attitude deceleration, hover and 
vertical descent to touchdown. 

1 . Glide Slope Tracking 

The altitude hold/glide slope track switching occurs when < 0* and 
|d^| < 100 ft (30 m) . This logic causes the system to switch from altitude 
hold to glide slope track without transients . A blending function T insures 
that \mdesirable transients do not occur at the switch point. Specifically, 
the glide slope intercept logic is as follows: 

• Altitude hold (AH) when | dg | > 100 ft (30 m) or when 
I d^ I < 1 00 ft (30 m) and > 0. 

• Glide slope track (GS) when 60 < Va < 80 kt (31 to 
J*1 m/s), jd^; 100 ft (30 m) arid > 0. Initiated 
by start of blender function, T. 

The glide slope tracking proceeds at constant airspeed until the point at 
which time a constant attitude deceleration is commanded. 




= K^d 


K^d. 









2, Constant Attitude Deceleration 

The deceleration capability of the XV-15 can be obtained from the r-V curves 
in Fig. 10 and the following interpretations. First, note that the specific 
force acting along the flight path may be written as. 

ajj. = Vj + * Vi + g7a 


where Vi is inertial acceleration along the inertial flight path, 7 is the . 
inertial flight path angle, and 7a is the aerodynamic flight path angle (angle 
between airspeed vector and hor5zon) . Physical interpretation of the aircraft 
specific force capability in the down direction is made easier if ax is 
expressed ‘as "minimum achievable trim flight path angle," e.g., ax^^^^ = e^'amin* 
The available deceleration capability may therefore be read directly from 
Fig. 10 as Vi .^g = 7a^.j^ - 7a- For deceleration, the 20 percent power line 
defines the "minimum achievable trim" flight path angle (in the down direction). 

An excellent approximation for deceleration as a. function of pitch attitude 
is: 


Vt = -g(9 - 8 t) 


( 12 ) 


vhere 0 ^ is the trim pitch attitude for the flight path angle and speed being 
flown. Since the lines of constant attitude are nearly vertical between 
7 = 0 deg (0 rad) and 7 - HO deg (O.Vf rad)', a unique relationship between 
trim pitch attitude and airspeed can be derived using Fig. 10. Furthermore, 
it turns out that this function may be approximated accurately a linear function 


OT “ ®H + KVa 




where % = 5 deg (0.0^>2 rad) is the no-wind hover trim attitude, and 


T f\ / 

Kova - 3vT " -^-"7 5^ = ;,4) 

The deceleration is therefore . approximated as: 

/ ‘^®T> \ 

Vi - -«^8d - % - Vaj (,5) 

where Qjj is the constant attitude used for deceleration. If Oj^ < o^, the air- 
craft will stop decelerating at some positive airspeed. Thereafter, the aircraft 
will proceed at (trim airspeed for Sp + wind speed) . This slow closure on the 
hover reference point is undesirable. Therefore, a deceleration attitude of one 
degree greater than the no-wind hover attitude is selected [e^ ^ k deg (o .070 

rad)] to provide more hapid closure on the hover reference point. This results 
in the deceleration profile shown in Fig. 15. 


Airspeed, Vq ( kts) 



Figure 15 . Nominal Deceleration Profile 
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For a constant vind situation (X = + Vy,) the approach trajectory is 

defined as: 


= Ki 


where 


X + 

K-| = -^(Gp - Gh) - 

Kp 


06) 


d0tp 

® d^ 


d0T 


Solving for i = f(X) yields; 


X = 




(17)^ 


Hence, the switch from constant speed glide slope tracking to constant 
attitude deceleration should occur when; 


-X + 


57.3 

d0'p 


’dVp 


(x. 

0 

1 

h 

1 

In 

X 

I 


dOr 

/ (0D - Oh) „\ 

> 

( 

di^ 


\ (dG-r/dVa) 'Vj 

) 


< 0 


(18) 


The first value of X satisfying Eq. l8 is defined as Xq. Note that the effect 
of a steady headwind in Eq. l6 or 18 is equivalent to a change in the decelera- 
tion attitude (1 deg (0.0175 ^rad) of Gp is the same as 8.5 kt (1* .4 m/s) of 
headwind]. The effect of steady winds (or equivalent 0p value) is shown in 
Fig. 16. An approxiniatlon to the hover control law (X 8X s= O) ic also plotted 
in Fig. 16 to indicate where the guidance strategy would switch from the con- 
stant attitude deceleration mode to the hover mode (X == Xf) . For the large 
headwind cases tliis occurs at a largo closing rate [50 ft/sec (15 m/s) for a 
tO Kt (10 m/s) headwind]. Since by its definition the hover control law com- 
mandE deceleration proportional to closing rate (X + 8X - O), the commanded 


*’riiis solution was developed by W. A. Johnson. 
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pitch attituie at Xp could become exce 


sivc. To avoid this, the value of 


adjusted to account for steady v 


<iuds in order to follow more clusely the no-v.?,nd 


trajectory in Fie- l6. Tliis is accomplished by holdiue Ki in Eq. l6 constant, e.,t 


32-2 


Ki = - .3 


aNC 


.2 - M KOVA V„ 


= -52.2 ^Y.3 


(19) 


Hence 


Oj) = £’^1 -I OiNC - KoVA^w# ^IWC “ ^ 


=; 3 dee, (O.Oi';’ rad), KtiyA - 


_ 4 SfL- 

ft/sec y 


dec; \ 

■ 0 .23 ■ 1 * "1 


m/se 


( 20 ) 


where V, 
of Vv, 
airspeed 


V Is in ft/sno (m/=ec) and Oj) '"d Oh “■'e in decrees (rodUns). The value 
can be estU,.nUd by eon,puV,nc (X -Va); elosure rate minus indioate.l 
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The effect of wind shear during the constant attitude deceleration will be 
as follows : 

• Decreasing headwind shear. The initial X will be low due 
to the headwind resulting in initiation of deceleration 

T. f ^ deg (0.070 rad). 

As the headwind shears away, groundspeed will increase, ^ 

resulting in intercept of the hover mode switch line at 

closure rates. This might result in 

ff ? - ^e^^ir^nents at Xf. I>or example, 

win In commanded attitude 

will be 11 deg (0.19 rad) prior to the attitude limiter. 

• Decreasing tailwind shear. The initial. X will be high, 
resulting in initiation of constant attitude deceleration 

ranp. Sjj will be greater than 4 deg ( 0.070 
rad) . As the tailwind shears away groundspeed will^ 
ecrease, resulting in a tendency to come to hover short 
of the target ^d the X + 8X - 0 switch line. The hover 
control law wiU be initiated any time the closure rate 

5.92 [ 10.0 ft/sec (3.05m/s)l to 
avoid this problem. ^ / /j 

The switching boundaries which define Xq and Xf are shown in Pig . 17. 



r -‘V 

L- 

Figure 17 . Definitions of Xf and Xq 
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The equations to be mochanixed are summari i-.ed as follows: 



X Xf 

when 


X + 8X + l6 U 0 






(The l6U term is added to the switching criterion to eliminate a pitching 
tratisieut at Hover mode ini/ 4.atioti. ) 

or 

X 10 ft/scc [5*^2 kt {,■) .0j m/s)] (22b) 


All switching is irreversible so that Xq and Xf can be defined only once during 
a single approach. 

^decel %UG^®D ' (^T^X=X^^ 

Kbug (^h “ Kova (X “ ^ “^^VA (^a^x^-Xo^l 

“ KbuG {^INC “ KiiyA (X)x---Xo) 

(KbiiG “ ^ nominal value) 

where ^dccel radians and X is in ft/sec. is a parameter introdueed 

to adjust for the fact that 0^ is not a completely linear function of airspeed 
for the actual aircraft model. 


3. Altitude Hold at 50 ft (15 m/s) 


The longitudinal hover position is defined as the point where the MLS beam 
passes through 50 ft (15 m/s) above ground level. Hence the horizontal and 
vertical velocities will be nominally zeano as the XV-I5 readies 50 ft (15 m/s). 
The vertical descent is made using altimeter data for altitude information. The 
conversion from MLS to radar altitude vertical guidance-is initiated when radar 
altitude equals^ 50 ft (15 m/s). This is accomplished via the function T in 
Pig. 2. Recall that T ramps to unity at glide slope intercept. At 50 ft 
(15 m/s), T = [1 — 0.3 (t ~ t^)]; whei’e t^ is the time at which the aircraft 
passes through 50 ft (15 m/s) and the minimum value of T is zero.- This blends 
the MI£ beam signals out and the altitude and attitude rate signals in over a 
tijQe of 3 *5 sec . 

4. Vertical Descent 

Vertical descent is initiated manually by the pilot at any time following 
T - 0 in the altitude hold mode . It is terminated following a positive indica- 
tion for weight-on-wheels . 

I. COMMAMD LIMITIWa 

The throe limiters shown in Pig . 2 are included in the design to prevent the 
ilight director or automatic fliglit control system from commanding excessive 
pitch attitudes, rates of climb, or sink rates which could load to unfavorable 
pilot opinion. 

The attitude limiter (shown in the upper part of Fig. 2) must account for 
the output of the synchronizer, which is effectively an attitude cojimiand inserted 
downstream of the limiter. This is acccmplished as follows: 



$0 is computed from 
Equation 20 


6 q , Output of Synchronizer 


LJa - 0]^ — Go 
L3b = Gjjb - Oq 


The attitude .Umits arc tentatively r.ot to; 

OLa ~ de^; ( HO. 17 rad) 
0^3 = “10 dee (-0.17 rad) 


The boom rate lijnitoi* is included to insure thiit larco elide slope 
errors do not resxilt in excessive rates of sink or climb. The limit.s are 
set so the maxijmim comuxandcd rate of climb is 0 and ttio maximum commanded 
rate of descent is ICOO ft/jii.ln (50? m/iuLn) . This limiter would be remove/ 
of eoursei if a missed approach mode were added to the design. The upper 
lower limit values are defined by the foUowiiii^ equations: / 


LI a 

K‘d^ 
d La 

Lib 

^ KpL. 
d Lb 


whore 


dj^ « - a.33 It/ueo m/ii) 





I 
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The altitude rate limiter shown in the upper right part of Pig. 2 is set to 
limit sink- rate or rate of climb commands to 500 ft/min (152 m/min) . This 
limiter is in effect in the .altitude hold and in the vertical descent modes. 

Its values arc defined by the following equations: 

la = (27) 

l^ax-.n .“^\nin = ^*53 fb/soc {2.55 Vs) (28) 
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SECTION IV 


LATERAL-DIRECTIONAL SYSTEM DESIGN 


A . smmsY 

A block diagram which summarizes the feedback selection, shaping and switch- 
ing for the lateral stability and command augmentation system (SCAS) and the 
lateral flight director system is shown in Fig. l8. The numerical values of tlie 
time constants and gains in Fig. l8 ai'e given in Table 8. The fully automatic 
approach mode is achieved by simply replacing the pilot in Fig. l8 with a gain 
element. Since-low fi'equency standoffs are eliminated by washing out the inner- 
loop feedbacks to the flight director, it is not necessary to add forward loo]> 
integrations upon changing fiom the flight director mode to the fully autoinati c 
approach mode . 

The lateral SCAS has been configiu-ed as a rate-con-mancl/attitude-hold system 
for all flight conditions from cruise to hover, vertical descent and touchdown . 

Referring to Fig. 18, it can be seen that the switciiing Involves three basic 
modes, c.g.. Localizer A (LOG A), Localizer H (liOC B) and heading hold (fUi) . 

A brief de.scription of each of these modes is given as follows, 

® Heading lio]d (IFH) . Tiiis is a conventional heading hold 
mode and is based on coo*-dinatcd luciis to pil ot-sei ected 
headings ('tj*ef • 

• IiOC A. Strajgltt or curved localizei’ tracking via coordi- 
nated turns to correct foi- lateral errors. 

O I<OC B. Straight localizer ti-acking using bank angle 
rcg\ilatton at coiista.nt heading to correct for localizer 
errors. A constant pilot-selected heading ia obtained 
via pilot input to tho pedals. 

The XV-O aerodynamic data indicate that the aide force characteristics 
(Yy) are ve?y low. This means large ma£^iitudc orosswinds can be handled with 
araali bank angles Itj the LOG B mode; hence, a complc.x system to cause the 


Figure l5. Block Diagram of Lateral System 












TABLE 8. OP lATERAL DIRECTIONAL SCAS, 

FLIGHT DIRECTOR^ AND AUTOPILOT GAINS AND 
TIME CONSTANTS 


Turn Following SCAS fused for LOC A and HHj. 


Kp = 

5.6 in^/( rad/sec) 

b 

- 

0 l/sec 

K<p = 

11.2 in. /rad 

c 


0 l/sec 

Kp = 

10.0 in. /(rad/sec) 


= 

2.95 l/sec 



s 

% 

= 

1 .0 

Wine Low SCAS (used for LOC Bi 




Kp - 

8 in. /(rad/sec) 

Kr 

B 

13 in. /(rad/sec) 

Kq) = 

12 in. /rad 

b 

E-. 

1 (l/sec) 

Kp = 

0 

c 

- 

.5 (l/sec) 

= 

15 in. /rad 

Ktc 

= 

3.14 



K: 

'l^c 

s 

.087 (rad/sec)/in 

LOC A 

and I/IC B Flieht Directors 





Ky s .002 rad/ft+ 

Ky = .017 rad/( ft/sec) 

Kpp - .425 sec 

%= 1.06 

1 1 .0 In. /rad (I.0C A) 

KfDl “ 1 

1 1.6 in. /rad (LOC B) 

Autopilot 

*= GpFS(O)Ypq) = 5.62 (KIC A) 

Kp^p - GpFs(0)Yj^ - 2.5 (LOGS) 

«1 in. ir ^.54 X 10"2 m. 
tl ft " 5 .048 X 10'^ m. 


W<p = 

10 sec = 

’Amp 

Ti = 

.5 sec - 

'Ai 

T2 - 

.067 -iec 

- ’Aa 

Ty = 

.25 sec 

= i/«V 
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vehicle to be pointed into the wind in hover is not warranted. IX)C B will be 
used for localizer tracking at low speeds [below about 6o kt (51 n/s) 
including hover. 

B . STABILITY AMD COMMAWD AUGMEHTATION SYSTEM 
(SCAS) 

A review of the vehicle transfer functions at speeds from 8o kt (4l m/s) 
down to hover (see Table 7) indicates the following basic airplane deficiencies 
for lateral-directional control: 

• Very low dutch roll frequency at all speeds (low £%) 

• Negative or lo:< dutch roll damping at all speeds (low 5^) 

o Unstable spiral mode 

• Large shift in instantaneous center of rotation (•“Y&p^d/NSped) 
between 60 and 80 kt (51 and 4l m/s). This characteristic 
makes it impractical to use a lateral acceleration-to-pedal 
feedback to improve the low dutch roll damping, 

• Roll reversal at 4o kt (21 m/s) . The bank angle to lateral 
cyclic numerator consists of two real zeros, one of which is 
in the right half plane, indicating that the aircraft will 
ultimately roll left to a right lateral cyclic input. This 
unusual characteristic only occurs at speeds near 4o kt 

(21 m/s) and is attributed to rotor wash characteristics 
on the horizontal tail at this speed. 

• Poor yaw rate-to~pedal response characteristics resulting 
in marginal improvesients in dutch roll damping with a 
conventional yaw damper feedback. 

• Large adverse yaw at speeds below about 70 kt (56 m/s) at 

. 7 rs — 10 deg (-0.17 rad). 

Two separate stability and command augmentation systems have been developed to 
resolve the above deficiencies . At hi^er speeds heading changes will be made 
in the conventional way, that is, utilizing bank angle to develop a turn rate. 
At low speeds, the heading response to bank angle changes becomes too sensitive 
for effective closed-loop path control (^ = {?pA) • Experience has shown that 
this characteristic bccojaes luiacccptable at speeds below 60 kt (51 m/c); hence, 
the system is designed to be switched from the turn- following SCAS to the 
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wing-low SGAS as the aircraft is slowed to speeds below 60 let Ol m/s). The 
wing-low SCAS is a constant heading mode where • lateral position changes are 
made by varying the bank angle. It is intended that this mode be used during 
straight localizer tracking on final approach when speed reductions belovj 6o kt 
(31 m/s) will occur. Nominally, the pilot will switch manually from the turn- 
following SCAS to the wing-low SCAS once he is established on -the straight-in 
localizer approach course. However, if the speed decreases to 50 kt (26 m/s), 
this switch will be accomplished automatically to avoid getting into a region 
of unfavorable dynamics with the turn- following SCAS. If the system automati- 
cally switches (due to inadvertent low-speed excursions), the pilot must switch 
back manually to turn-following mode if he so wishes. However, if the aircraft 
is in the wing-low SCAS mode, and the speed exceeds 70 kt (36 m/s), the system 
wi.Ll automatically switch back to the turn-following mode . This is done to 
avoid getting into a region of unfavorable dynamics with the wing-low SCAS. 



The following paragraphs describe the turn -following SCAS and the wing-low 
SCAS. 

1 . Turn-Pollowlng SCAS [V > 50 kt (26 m/s) J 

Bank angle (qi) and body-fixed roll rate (p) are fed to the lateral cyclic 
series servo to stabilize the spiral mode and achieve a bank angle command 
SCAS. The ratio of Kp/Kp was set to the desired bandwidth of the bank angle 
command system, or 1 .5 rad/sec. The fact that the ratio of K<p/Kp is approxi- 

mately equal to the bandwidth of the closed- loop system can be seen from the 
following approximation: 




Based on the fliijht test results of Ref. 9# a bandwidth of 1 .5 rad/sec achieves 
acceptable bank angle reculation characteristics. Lax'^er bandwidth tends to 
result in poor ride qualities due to Jex'ky responses to stick inputs. The 
effect of feeding bank angle and I’oU rate to the lateral cyclic scries servo 
on the vehicle lateral characteristic equation is shown in Fig. 19 for the 60 kt 
(51 Jti/s) flight condition. Figure 19 indicates that additional augmentation is 
required to increase the damping and frequency of tlie closed-loop dutch roll 
mode. The possible alternatives that were considox'ed to achieve these objec- 
tives are listed below. (See Ref. l4.) 


• Utilise feedback of yav I’ate and lateral acceleration to the 
pedal series sci'vo. This is a classic combination utJMCized 

to increase the dutch roll frequency via the lateral accelera- 
tion feedback and to impi'ove the dutch roll damping via the 
yaw rate to pedal feedback. In ordex' to bo effective^ the 
laterixl acceleromctex* must be at ox' neax' the instantaneous 
center of rotation, which is located fonvax’d of the center 
of gravity for airci’aft with aft-mouxated vertical tails. 

In the case of the XV-15, the vertical tail effectively 
moves from a forward location to a reax'ward location as 
directional control is shifted from differential cyclic 
to conventional x'udders . Tliis occurs as the speed is 
iixcreased frtan 60 to 8o kt (51 to 1»1 in/s). This large 
shit't is in the instantaneous center of x'otation fapproxi- 
matoly O .65 ft (o .P m) behind the c.g. at kt (51 m/s) 
to 2.5O ft (0.7 m) forward of the c.g. at 80 kt (1<1 m/s)] 
makes tlio use of a lateral accelcx’ation feedback i:npractical 
for tills airplane. Additionally, the location 01 the zeros 
of the ^aw rate-to-pedal-inuncrator make the feedback of yaw 
rate to pedals ineffective in tex'ms of increasing the dutch 
roll damping. 

• Another conventional way of increasing the dutch roll damp- 
ing and frequency is to use latex’al acceleration-to-podal 
feedback (with a lateral acceloromoter .located at the 
instantaneous center of x’otation) with a lead/lag network. 
Howcv<;r, because of the above discussed movement of the 
instantaneous center of rotation at siiecds below 60 and 

80 kt (51 and 4 l m/s), tills scheme is also impractical 
for the XV-15. 


The feedback of sideslip angle to the pedal ser.'cs servo with 
a Icu.l/lug luitwork is very cjMVotivc for incrcaswig both the 
damping and l’riH|Hcncy of the dutch rol.l mode. Rccogni c ing 
that the ii.iN'isui't'iiscnl. of sidcivlijti angle i.ti a I'otor ci'aft is 
hi,, Illy impracti cal. , an attractive a.ltcrnal Ive is to l'< aid back 
olticr signals, wi.ich when ci.'inbtned, have the some characteris- 
tics as sideslip angte with a lead/lag network. 
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The turn- following SCAS design for the XV- 15 is based on the third of the 
above alternatives and uses the following approximation for (inertial) side- 
slip angle rate; 


P = - (r - ^) (50) 

This approximation assumes that I's and Yy are small. A I’eview of the deriva- 
tives presented in Table A-6 indicates that this is a very good approximation. 
Inasmuch as r - gp/V is being fed back to simulate p, the feedback gain was 
labeled Kp. The effect of Kp on the characteristics equation as modified by 
the 9 and p feedbacks is shown in Fig. 20. The root locus plot in Fig. 20 
clearly illustrates that the feedback r - gp/v has very little effect on the 
cWgj, mode (the combined spiral and roll subsidence mode obtained from the bank 
angle and roll rate feedback), but does drive the undesirable low-frequency 
dutch roll mode to the real axis to form two real roots. The highest fre- 
quency real root becomes the dominant response to rudder or gust inputs . The 
dominant resr ; . to lateral cyclic inputs is a'ar . (Usr is nearly equal to 
e'sr^ that is, ttie (r — t?t>/V) feedback does little to change the bandwidth of 
the bank angle loop. The feedback gain is set to 10 in. (o.25 m) of 
series servo motion per rad/sec of (3 so that tlie real dominant dutch roll 
root would be slightly greater than 1 rad/sec. Consideration of pedal scries 
servo limiting reveals that a value of Kp 10 implies that 5. 7 deg/^sec 
of yaw rate wiU resiat in saturation. This is felt to be marginal but not 
unreasonable . 

Two porformcuice metrics are used to evaluate the turn- following SCAS. 

The attitude hold feature of the roll rate -cominand/attitude -hold system was 
evaluated by cciisido ration of the 9/9^ frequency response whore 9o is the 
output of the lateral stick shaping in Fig. 18. The feedback of r - /jp/V 
inherently tends to minimir.o adverse yaw. The time response of yaw rate to 
a stop 9p was used to evaluate the adverse yaw characteristics of the turn- 
f(^llowing SCAS . 








The frequency response characteristics of 9/9 j, arc shown in Fig, 21 . It 
can he seen that the system bandwidth is 1 .5 rad/sec at uO kt (51 m/s) and 
1 .75 rad/sec at Oo kt (4l m/s) . Notice that this is consistent with the 
Eq. 29 approximation which was the basis for setting K^p/kp = 1 .5* The stick 
shaping network in Pig. 18 when combined with the proportional-plus-integral 
(1 + b/s) in the series actuator path and the parallel actuator path results 
in an integration between stick and the effective 9^,. The value of was 
set to achieve a sensitivity of 15 deg/sec of roll rate per inch (0.025 m) of 
lateral cyclic on the basis of the results achieved in Ref. 6. The time his- 
tories of bank angle and yaw rate to a step 9^, input are shown in Fig. 22. 

Here it is seen that there is essentially no adverse yaw at 80 kt (4l m/s) 
and a small amount of adverse. yaw at 60 kt (51 m/s), that is, there is an 
effective delay between developing the proper sign of yaw rate to 9^, of about 
0.6 sec. This is felt to be negligible. The steady-state turn rate at So kt 
(Ifl m/s) is slightly less than that at 60 kt (51 m/s), indicating the presence 
of a small steady sideslip angle during turns at 80 kt (4l m/s). This effect 
is not felt to be important enough to warrant additional SCAS feedbacks. 

Because the tivrns are automatically coordinated, very little pedal usage is 
expected in IOC A or HH modes . Therefore, no pedal shaping has been included 
and pedal inputs are tranc.mitted via the parallel servo only (see Fig. 18) . 

It is felt that the stability and command augmentation system :■ c the turn- 
following mode will receive reasonably good pilot ratings because oi Its snappy 
but not o''ersensitive roll response and lack of any appreciable ailercn/rudder 
coordination requirements arising from adverse yaw. The prji>iary system limita- 
tion is expected to be possible saturation of the pedal and lateral cyclic 
series servos . 

2 . Wing-Low Stability and Command Augmentation Sysitem 
(V < 50 kt (26 m/s)] 

The nominal wing -low SCAS was designed at the 40 kt (21 m/s) condition. 

This was done assuming that a SCAS designed to yield acceptable flying quali- 
ties with the extremely poor basic vehicle dynamics at 4o kt (21 r/s) rKouIu 
also work well at other flight conditions. This in fact turned out to be the 
case . 
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b) 60 kts 

Figure 21 . Frequency Response Chi’.racteristics of Roll Rate to Lateral 
" Stick; Turn Following SC A3 (IjOC A) 
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b) aOkts 


Fifjui’o '^ 2 , Bt\nk Angle, and Yr.w Rate Ro.spoi'wsnrt to f,ic -- 1 in. (0.;?5 J") 
at Output oC Stu’k Shriping Ni'hv.ork 



Since, by definition, heading is constant in this mode it is possible to 
use heading feedback to the pedal series se»‘vo to provide the necessary 
inci-ease in the dutch roll frequency. Yaw rate to pedal feedback was also 
utilized to provide the necessary damping. Pi’oportional-plus- integral (i ^ c/s) 
is required in the forward loop pedal series servo path, to insm-e that heading 
error is zero at low frequency. Important tradeoff considerations in this loop 
closure require maximum c for the best heading error suppression and minimum c 
for stability. The best compromise is reached by decreasing the ratio of 

to make up for damping lost because of the parallel integrator. The t 
ultimate outcesne is a small decrease in the closed-loop dutch roll frequency, * 
The effect on the lateral, characteristic equation of heading and yaw rate’- 
feedback to pedals in the presence of this parallel integrator is shown in 
Fig. 25. Notice that for a given Kf the total damp Lug, is independent 

of Kp/Ky tut that ^ increases with decreasing K^./Ky. and Ky are set 
equal to 13 (K^/Ky - I.O) as a best compromise between maximizing and ' 

minimizing to avoid an unacceptable degree of series servo limiting. 

= 15 in. (0.33 m) por radian of heading results in pedal series servo 
limiting when heading excursions exceed .^i deg (0.076 rad). T.'iis is felt 
to be marginal but probably acceptable. Notice also the kinemat’c roots at 
the origin arc driven into the low frequency zero (sec Fig. 23). This 

lightly damped, low-frequency closed-loop mode has been labeled . 

The pedal shaping network in Fig. I8 when combined with the parallel inte- 
grator (1 + c/s) results in an integration between pedals and 'i' ^ . This 
results in a rate command attitude hold SCAS in heading. K,j;^ was set to 1 .13 
so that 1 in. (0.023 m) of pedal commands 3 dog/sec (0.087 m/s) of ncading 
rate . 

It is sliovm in Pig . that feedback of banlc angle and roll rate to the 
lateral cyclic series servo results in being driven to the approxirriatc 
location of while is driven to higher values of frequency and damping 
(resulting in u)(j) . A parallel integrator (l + b/s) v/ac required in the roll 
loop for good mid- and low-frequency regulation. A value of Kp « 8 .0 in,/ 
(rad/sec) [0,2 m/(rad/sec)J was picked to maximize the bandwidth of the 
closed-loop bank angle-to-latural cyclic .system (c.g., to maximize and 5j'), 
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Effect of (p and p Feedback to Lateral Stick on the Lateral-Directional Characteristic 
Equation; V = ^0 kt (2i m/s); King Low SCAB (LOC B) 




uhilQ keeping K<p low enough to minimize the posnibility of latcrnl cyclic 
series serjio—saturation. For a series servo limit of 1 in. (O .OJI? m) and 
Ky^Cp = 1 .5, this implies limiting for a It .8 deg (C.o84 rad) roll excursion 
fran the commanded value (output of the lateral stick shaping network) . 

Several performance metrics were utilized to evaluate the wing-low SCAS 
system before proceeding with the flight director and autcmatic flight control 
system design. These consisted of frequency response of bonk angle to bank 
angle command^ heading to pedal command and heading to lateral cyclic input . 

rt 

The frequency response bandwidth is primarily set by and is rea- 

sonably flat out to about 1 .5 rad/sec for the 0^ 20,- 4o and 6o kt (O, 10, 21 
and 51 m/s) flight conditions. These frequency responses are shown in Fig. 25 
and indicate that the bandwidth of the bank angle response is 2 rad/sec at 60 
and 40 kt (J1 and 21 m/s) and improves to rad/sec at 20 (lO m/c) and hover. 

An attempt was made to relax the roll gain, Kp, from 8 to 6 and thereby 
increase the magnitude of roll excursion required to saturate the lateral cylic 
series servo. This gain oliange would allow an inci'ease In bank angle error from 
4.8 to 6.4 deg (O.08 to 0.11 rad) before saturation occurs. Time histories 
of the resulting <p/(?e time responses indicate undesirable transient chax'aoteris- 
tics at the lower gain (see Fig. 26). This verifies that the design is tightly 
constrained by servo saturation on the one hand and unacceptable transient 
response characteristics on the other. 

The directional SCAS is also a rate- command/ attitude -hold system, bike the 
roll SCAS, the rate command feature is obtained via shaping of the pedal input. 
The froquency response characteristics of heading to pedal arc shown in Fig. 27 
for 0, 20 and 40 kt (O, 10 and 21 m/s) . The responses are seen to be rate- 
like out to about 1 .4 to 1 .5 rad/sec at which point o.vjas rate-like 

response. Recall that is s^t by and Kj, which are both sot to 15. Any 

further increases in these feedback gains would require an increase in the 
pedal series servo authority. It is felt that the bandwidth of the hcading-to- 
pcdal SCAS loop is adequate. The possibility of saturating the series servo is 
moderate in that only 4.4 deg or deysec of heading oi* yaw rate will result in 
1 in. (0.025 m) of servo travel. 
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Fi-cure Sp. Fi’oquoncy Renponse of Roll Rnto to Ln.tcral Cyclic 
Inputs; Wine Low GCAS (IjOC B) 
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Figure ??5 (Concluded) 
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Figure fV( , Heading to Pedal Fi’o<piency Ro'jjjonsoi 
Wing Tx)W ilCAS (LOG B) 




Another metric chosen to evaluate the system was the heading response to a 
lateral cyclic input. For a wing-low approach wc would like to minimi‘.4e the 
heading response to lateral cyclic Inputs at all frequencies . The heading to 

lateral cyclic frequency responses at 60> and 20 kt (51 , 21 and 10 m/s) 

and hover are shown in Pig. 28. These results indicate that moderate to large 
stick deflections will produce measurable heading excursions. For example, 

lateral cyclic excursions of 1 in. (0.025 m) at a frequency of 1 .5 rad/sec 

will produce heading excursions which vary from a minimum of 1 .1 deg (0.019 
rad) at 60 kt (31 m/s) to a maximum of 3 deg (0.052 rad) at 0 kt (21 m/s). 
Recalling that the pedal series servo saturation occurs at heading excxirsions 
of deg (0.076 rad), we can see again that the series servo authority could 
be marginal. 

C . PLIGHT DIRECTOR FOR LOG A 

LOG A is a conventional beam tracking mode where bank angle is used to 
develop a turn rate which results in heading changes . This mode is nominally 
used at speeds at and above 60 kt (31 m/s) for straight and curved localizer 
tracking. The aiialysis tccliniques used to select and shape the feedbacks A^ere 
taken directly from Ref. 10. From Pig. I8 it can be seen that localizer error 
and derived error rate are fed back to the flight director to provide path 
following and path dJtmping, respectively. Inner-loop stabilization is achieved 
via a bank angle feedback to the flight director. This feedback is washed out 
to avoid requiring a trajectory-dependent feedfoiward . Vfushout use allows 
tracking of arbitrary ciu'vcd path without cxtci-nal inputs . Complementary 
filtering schemes using ay + g((p — <py) to replace high frequency beam rate 
cannot satisfy the desired "no external inputs" design requirement. This is 
because the desired design must be capable of following any beam shape (within 
system limits) without prior knowledge of the beam geometry. Notice that 
cp^, - tan"^ (V^g/gR) depends on beam gootnetry (R is the turn radius). Further- 
more, the noise characteristics of tlie beam must be of low enough level and/or 
broad enough bandwidth to allow a sufficiently small value of Ty (beam rate 
filter time constant) so that unacceptable lags In following curved paths will 
not result . Normal values of Ty a?.-? about 2 see in an im system, t-ihcreas a 
value of 0.23 sec or loss arc possible with an MIS system. This in so because 
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the „ol== eteractcH^tic. of .tcrovava landing syate.a („i.,) are generally or 
muc oner level and of broader bandwidth than for ILS . 

1 . Localizer Capture 

^Ihe tra^aition fr^ heeding hold (HH) to 100 A oocurs automatically when 

ejected 'b to headins hold must be manual.ly 

le ted by the pilot. Transition to IOC B may bo selected manually by the 
P^ot or automatically based upon airspeed. y ne 

2 . Parameter Adjustments 

The feedback selection and shaping are as shown in Pig. ,8 with the 
switches set to the IOC A position. The values of the time eonstants and 
euin„ were adjusted by the methods of Sef. ,o to obtain a K/s froquoncy 
response for the open-loop lateral flight director to lateral cyclic input 

control. As Shown in Fig. 29. the desired K/s-like characteristic is obtained 
rees«.able succes,s in that the lateral flight director to lateral cyclic 
input IS K/s in a frequency region from about 0.5 to 5 rad/sec. 

The l,crforma„ce metrics used to evaluate the closed-loop system regulatory 

C rae e tics in the IOC A ..ode are the frequency responses tf lateral h!: 

rror to lateral beam ccemand (y^/y^) and lateral beu», offset to side gust 

"P“ h (y/Vg) and the tu,,e response to an Initial condition offset. These 

closed-loop performance measures wore obtained using an assumed unit gain 

croa^sover frequency under pilot control of 1 'i t-nA ^ 
lasf nf n 17 n.L i^d/.oec and a neuromuscular 

7 aiCf. , ihe resulting pilot model is; 




The ability of the closed-loop pUct/vehlelc system to regulate against 

hide gust dlsturbanoes is sho,« in terms of the lateral bcc, deviation to 

side gust frequency response in Fig. 30 . The system is seen to roguUte the 

e.iois to hero at f, cueneles below 0.3 rad/see. This performance 1., con- 
sidered to be acceptable. 
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C.1 o.:od-If>crji Kivtiuoncy Ho.’.}ionr.u in I.utora.1 Hoaw Hcviation 
to Side Cu;:t Tnputaj Tnrn-Koi.1o\.*i SCAS (IOC A) 
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T1k> Mbi.lit.y I't' Uu' - loi'p pi lol /volii i’l<’ liyjil.i-m l.c follow oxloviuil bo;un 

li? lOiowu in Vip,. ,M in l.or:ii,-? of Uio I'lV^Ui'no.v ro^^pon^<o. Tho 

olonoilvloop baiulwulih l\n* orroi* ivpulal, ion io, i'.oon to bo O..") rjui/ai'o at (>0 
atui Kt (.^1 an.i 1 * •= o i ot oo.t w all tbo {'orfont.ain-o av-liiovoa 

with tUo f.Up,ht airootov .lovolopoii in l\ol‘. U’' . 'IMiuL dirootov iVv'o.lvoil vory 
p,oovl pilot I'atinpa. 

A t ii;io ivaponao 'p Mio o.boaod loop pi Lot./a i r piano ayatom to a U\1 I't (?0 in) 
initial oona.itVon ol'faoL ia aliown in Fij;. . A aimvlar tuiio ivaponao obtainod 
1 ’i‘om tho Hot’, 10 ayatoj!'. ia aiii'wu anponi irpoai'd on Iho XV- V' roaponao and indi- 
••atoa t.hat Iho two ivaponaoa aro noaoly idonlioal. Tiu' pilot ratinpa I'or tho 
l\ 0 i'. 10 I’lip.ht dirootor wow v»m\v p.ood (ordoo of .') indioatinp, that iho lonp. 
tail (duo to Iho waaiunil of iho 1-ank anplo iVodl'aok) ia of 1 i ttlo or no oouao- 
,pu a.-o in piMvd.i oo . 

3. Flight Dirootor i'or U’'0 U 

Tho analyaia ioohn i ^pioa dovolopod in !\of. 10 lo aolool and ahapo tlio fl ip.ht 
oiirooior foodbaolu; a.ro a iami-followii’p. OOAO . IK'wovor, thoy alao apply for 
a winy, l.'i; ;-0^\0 if iho w ’ a !. • onah i p boiwc'on laloval oa-viaiion ;ind bank an.-'lo 
oan bo ahown t.o bo tho a;i;:o for iiio Iwo ayator-.a. Ooii'.i'a.r i np. iho lateral dovia- 
iL’n to bai'.k an.-.lo oiiarao' ori at i oa ot’ oaoli ayaloiv. rovoala t lio f ol 1 1 'W i no. : 

O Turn- !’ '1 1 ow i y * 


O V,‘inp-1iOw 


ai'a • Yv'' 


I'.inoo (“A’v' ' ordoro of !:;a '.m i ‘ udo holow tho ]iatli riodo roaponao froipionoy, 

"•iO y/' ror.panao ia oaaonl t a 1 1 y idi'ntio;'.! for wlnp-low and t urn- fol 1 owi np 
aiablliiy a.nd o.vrniand au.-.nonl a.l ion ay i or-.r. . Tliorofon' llu' Hof. lo nu'ihoda 
■ I'i'iy dirootly '’or aynlhoai;', of b.'lh Iho i.OO n and I iV A niodoa. 'I'ho rorail- 
lant foo.'baok r.olo.'tion and r.'iaiOsi.p art’ la ahown in Fip. 1!' with, t lio aw'it'ht’a 
'n !h-a 1 Ot' |t {va i i an. i'lu' ;vnna -'nd ion' o^'iiaianta in i'ablo i' yioKl lhi> 
opt’n-lv''p iaii'ral fliy.hi ilirootor to I'llt'iail atit’K frt'.inoiu'y *a';:t'.'nat'r. .ihown 
i’l b’’;:. -- for <0, 'iOf .’0 Ut (.-I. '1 ai'd 10 n; r1. aad hovor. Aa in iho 
oaao lU’ iho l.ur a ft' 1 1 o’.v i n,', a.' , llio winp.low ayaiom (Ua' P) I'shil'ita an 
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Flight Director B of Ref. No. 4 
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open-loop lalertil d.i reotor-lio-la-Leral cj'olic input ehuraotcristlo vhioli 

Is essent.uiJly k/s between O.p i‘ful/sce . llowovei*, at PC kt (10 jii/s) an.l 

hover the frequency response exliibits a bult’io cat about 2 rad/acc . I’hi.s ir a 
dlre<‘t result oi“ a deeroacod cJosed-lcOi. dutch roil damp i nr, ratio (Cj) at lower 
airspeeds in tlie w.inj-'-low tiCAS . The oritiin of this may be better lusderstc-od by 
exaitiinin^T equivalent system transfer function whioii is a close approximation 
for the wiriti-low SCAS system; 


s(s^ . 

whore f j and va.ry with sp<;t;d as follows; 
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As shown in Kip,. 2l| , an inovuae in 
wild eh is__^iot P'.'.ss 'ble because of the 8 
the limitcii auilievity series servo. 

would require inereased iVedback pains 
CAP feedback p.a in 1 iii;.' tat i uns impes*-.! by 

It is also evident in Kip 

2»i that 

tlie KAS mt,.de has an even Ji>wer dajr.nirr. 


I'atio Mian the dutch roll 'ricd'; . However, tl.c TAS mode poles arc nearly ecn- 
celed by tlic ; ei*os witli the result that there is virtually no not enVe!, 
Upo?! the v)jien-looi) flij^hl director frequency I'c ; I'onso . 


kt . h.P'lJl 10-1 mA- 
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The k/s shape of the lateral flight director to lateral cyclic input 
transfer function is obtained by adjusting the first-order ".eros arising from 
i/T, and Kjy'Kp^ to have the magnitude of Hence, the residues for the 
poles increase with decreasing from 1 . 0 . When the residues are large 
because of low daaiping of the closed-loop dutch rcll mode, the result is a 
bulge in the open-loop amplitude ratio even though the transfer function 
asymptotes are K/s-llk.e. This effect is significant at deanping ratios as 
high as 0 . 7 > and becomes very pronounced at damping ratios less than 0.5. 

It IS felt tliat the average slope of the amplitude ratio is close enough 
to k/s so that the pilot opinion will not suffer excessively at 20 kt (10 m/s) 
and hover. However, it must be recognized as a marginal situatio’lT which should 
receive attention during the piloted sinnaatcr evaluations. It will, of course 
have little or no effect on the autcmatic system operation. 

The performance of the closed- loop pilot/vehicle system was evaluated 
assujning a unit gain crossover frequency under pilot control of 1.5 rad/sec 
in the lateral flight director loop. This resulting pilot model is: 


Gppy( 0 )Yp^ “ 5 -le 


I J JO) 


( 55 ) 


The seme performance metrics arc used as for the LOC A system, llioso are 
t!ic frequency responses of lateral beam offset to lateral gusts (y/vg), 
lateral be.am errfir to lateral boom command (y^/yc), and time histories of 
the path response to lateral initial condition offsets. 

l.i^rure indicates that the lateral gust sensitivity of the closed-loop 
pilot/veliicle system varies widely with flight condition. The ^ and 2C kt 

(51 and 10 m/O flight oondilirMis exhibit the highest overall gust sensiti- 
vity, followed by tlio liover flight condition. The i -0 kt (21 m/s) case 
exhibited the best regulation against side gusts. The gust sensitivity turns 
out to be more a fiuictioJi of basic aerodynamic characteristics tlmn of varia- 
tion in closed-loop regulation characteristics with speed. This can be scon 
from tlio following table of Yy a function of speed. 
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ui (rad /see) 



GfFslO) Y. 









I 


Airspeed (kt)* 

Yv (sec 

0 

-.007 

20 

0 
* 

1 

4o 

~.005i^ 

60 

I 

• 

0 


The values of Yy correlate directly with the closed-loop y/vg responses in 
Pig* 5^- The lateral beam deviations at all flight conditions are seen to be 
decreasing to zero at frequencies less than O.'i rad/sec. 

3he beam error to beam command frequency responses (Fig. 35) indicate 
that the bandwidth for reducing errors to zero is about 0.25 rad/sec for 
all fli^t conditions. This is well within the acceptable range. 

The time responses to a lateral initial condition offset of 100 ft (50 m) 
are shown in Fig. 36 for the 4o kt (2l iV^s) and hover flight conditions. 
Comparison with Fig. 52 shows the responses are essentially identical to the 
60 kt (31 in/^) flight condition, which in turn was nearly the same as 

the Ref. 10 response. Hence, the objective of augmenting the airplane so 
that its performance is nearly invariant with flight condition has been 
achieved. Furthermore, the system performance is consistent with a lateral 
flight director system which is known to have pilot acceptable performance. 

D . IRTERAXIS COUPEJJIQ 

A preliminary investigation of the XV- 1 5 aerodynamic crosscoupling 
revealed that the pitching moment due to sideslip [M(3)J can be quite large 
at sideslip angles greater than 1 deg (0 .025 rad) . This did not show up 
initially because the pertiirbation derviatives supplied to STI were obtained 
for very small sideslip angles. At small sideslip angle, M|p| is very small. 
A plot of pitching moment vs. side velocity at the 4o kt (21 m/s) flight 


*1 kt B 5‘l^^x 10”^ m/s. 
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Figure 36» Lateral Beam Deviation Time Response for a 
Initial Conultion Offset; Wing-Ljw SCAS 









condition is given in Pig. 37&* The longitudinal cyclic reqixured at 4o tt 
(21 m/s) to trim out the pitching moment due to steady sideslip (as occurs 
on a wing-lov approach) is plotted in Pig. 37b > It is expected that these 
already large trim values will be still larger at hover. 

The dynamic effects of Mj^j were investigated briefly by examining the 
open- loop pitch attitude response to lateral cyclic inputs, and by examining 
the pitch flight director responses to lateral cyclic inputs with the pitch 
flight director loop closed by the pilot at 1.5 rad/sec. These results, are 
shown in Figs. 38 and 39 respectively. -Looking first at 0/65 it should be 
noted that with a rate command SCAS, the low frequency lateral cyclic activity 
will be extremely small. In fact we would expect that the majority of latersd 
cyclic activity will be concentrated in the region of crossover, say between 1 
and 2 rad/sec. At u' 1 rad/sec the ratio of pitch to lateral cyclic is —52 dB 
or 1 .4 deg (0.024 rad) of t> per inch (0.025 m) 6g . Put another way, a roll 
rate command of I5 deg/sec (0.26 rad/s) will result in a 1 .4 deg (0.024 rad) 
pitch attitude excursion in LOG B. 

Assuming that the pilot is actively' closing the longitudinal and lateral 
flight director loops at I.5 rad/sec results in the PDc/Bg response shown in 
Fig* 5^* This plot indicates that at 1 rad/sec the ratio of longitudinal 
cyclic flight director to lateral cyclic inputs is — l4 dB, or 0.2 in. (0-005 m) 
of longitudinal cyclic flight director per inch (0.025 m) of lateral cyclic. 
This indicates that in spite of the pitch loop closure at 1 .5 rad/sec the pilot 
will observe FP^. excursions whicli are 20 percent of full scale per inch 
(0.025 ro) c>f lateral cyclic stick. The acceptability of these excursions can 
only be established in the simulator. Inasmuch as the pitch SCAS gains are 
already at a moximiun, the only possible further refinement appears to be a 
crossfecd from lateral to longitudinal cyclic, 

£. LIMITERS 


The bank angle limit will be set to ^0 deg (1O.52 rad) tmtil LOG B is 
selected. At that time it will be reduced to +10 deg ( 10.17 rad). Note that 
this involves setting the limits to • 
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(rad /sec) 



Closed-Loop Frequency Response of Longitudinal Cyclic Flight Director 
to Lateral Cyclic Inputs; V = 4o kt (21 m/s): IOC B Mode 








The course rate limiter is set to preclude the possibility of commanding 
large bank angles rapidly. This would occur if the aircraft were significantly 
offset from course due to a combination of winds and pilot inattention. The 
limit level is set as a function of ground speed to achieve a SO deg (0.55 rad) 
reintercept angle by the following method: 


lyiiml 




VQg sin 2QP 


for lyii^l >24 ft (>7-2 m) 

(34) 


otherwise 

= 24 ft (* 7.2 m) 


Note that initial course intercepts are made in the heading hold mode so that 
the y limiter will have no effect. 


SECTION V 

SYSTEM PERFORMANCE EVALUATION 

Tti€ purpose of 'this seebion Is to cv&Iua-te performance of guidance j aufco~ 
land and flight director control laws -described in Sections III and IV. These 
control laws are designed in a stationary (time invarient) system context to 
be suitable at several fixed speeds . The designs are also based upon perturba- 
tion equations in distinction to equations using the total quantities (per- 
turbation + operating point) actually measured by sensors . Both approximations 
are removed in the system model used for performance evaluation. The remaining 
operative approximations then involve only assumptions of linearity and of 

separability of the longitudinal and lateral-directional performance evaluation 
problems . 

Evaluation of the fully automatic and of the manually controlled flight 
director systems can be accomplished using the same math model. This is pos- 
sible because the automatic mode control laws have been designed to automate 
the pilot's control function and use the same guidance and control computations 
as are used for the flight director . This means that the only difference 
between fully automatic and manual flight director operation is whether the 
gain constant relating flight director computer output to the force feel sys- 
tem input is supplied by the '.utomattc system or by the pilot . Since this 
difference will not result in different performance for the fully automatic 
and manual flight director systems (assuming full pilot attention to the 
task), no distinction between these cases is necessary in evaluation. Care 
has been taken in generating performance data to include the variables for 
all flight director and status cockpit instruments indications and stick and 
lever positions required for complete performance evaluation. 

Performance evaluation is based upon the control system block diagrams in 
Figs. 2 and l8 and the aircraft and disturbance models given in Appendix A. 

The equations and parameter values actually used are summarized in Appendix B. 
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A. APPROACH TO PERFORMANCE EVALHATIOH 

The overall system model is the basis for performance evaluation. It 
includes parts representing 

• Steady wind suad wind shear 

• Atmospheric turbulence 

• MLS guidance geometry and structure 

inputs, a dynamic model of aircraft response to the above atmospheric inputs 
and to control inputs obtained from dynamic models of 

• Automatic system response to MLS inputs and aircraft motions 
or alternatively the pilot ' s manual control response to the 
flight directors 

• Flight control system SCAS response to aircraft motions 
and inputs from the automatic system or pilot. 

The overall model is such that it makes the mean value and the variance of 
ev^ input and response variable available as a function of time . The model 
has two sections, namely: 

• A deterministic section which produces the mean value of 
every input and response variable 

• A stochastic section which produces the covariance matrix 
for the input and response variables. (The diagonal ele- 
ments of the covariance matrix are the variances or mean 
square or o2 values of the input and response variables . 

0 is the standard deviation.) 

Next consider these two sections of the complete model. 

1 . Determinlitic Section of the Model 


The deterministic section for the overall longitudinal system is described 
by the block diagram in Fig. 1*0. The block diagram for lateral system is 
similar. Tlie mean values of variables are denoted by the bars over the vari- 
ables in this figure. The block diagram indicates that the mean values of the 
aircraft, flight control system SCAS and coupler response are obtained as the 
result of forcing the model with the mean wind, and the mean glide path. 
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djj. The level of the mean wind, u^, is the average headwind magnitude with 
respect to active run^'-vy landing direction. 

The models in the blocks of Pig. 4o are the dynamic equations describing 
the particular subsystem. For example, the longitudinal aircraft equations of 
motion are the aircraft dynamic model, and so on, for the approach coupler, 
pilot’s manual control and flight control system SCA.S dynamic models. The . 
complete details of the models actually used (for the MLS wind, wind shear and 
turbulence environment; the aircraft; approach couplers and flight control 
systems) are given in Appendices A and B, 

The model shown in Fig. 1^0 will not be linear in general. However, between 
capture canpletion and touchdown an approximate linearized model of the com- 
plete system has been shown to be accurate (Ref. 15). 

2. Stocliastic Section of the Model 

The stochastic section of the model for the overall longitudinal system is 
described by the block diagram in Pig. . The block diagram for lateral sys- 
tem is similar. Here the variances of the varip.b, 'S are denoted by oq with 
the particular variable designated by the subscript. The dynamic models of the 
aircraft, flight control system, SCASand approach coupler in Fig. k} blocks are 
differe nt from, but are closely related to the corresponding blocks of Fig. lj-0. 

5* Mathematical Baals for System 

Performance Evaluation 

Betw^'en capture completion and touchdown the dynamic models in the blocks 
of Fig. 1+0 can be described by linear differential equations. It can be shown 
that the time histories for the atmospheric and MLS inputs can also be des- 
cribed by linear differential equations (operating upon white noise) . When 
this is the case, the entire system model can be written in the form of a 
first-order vector differential (state) equation and a vector algebraic equa- 
tion . The specific equations are given in Appendix B for the longitudinal and 
lateral-directional systems . These are of the fom 
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X 


A(t)x + b(t) + v{t) , x(0) 


(35) 


== X, 


y = H(t)x + g(t) 


(36) 


where b(t) and g(t) are deterministic input vectors, w(t) is a vector of inde- 
pendent white noise processes with zero means. If we let E[*] denote the 
expected value of [•]> then define the mean or expected value for x as x, the 
differential and algebraic equations for the mean values are 


A(t)x + b(t) , x(0) a Xq 

(37) 

H(t)x + g(t) 

CO 


given that E[w] = 0. The covariance matrix for x, E[x(t)x’(t)], is C. The 
differential equations for the covariance matrix are (e.g. , Ref. l6): 


i I 3 


C = A(t)C + CA’(t) + Q(t) , C(0) = Co (59)' 

where E[w(t)w'(t + t)] = Q(t)8('r) . The covariance for the output, E[y(t)y’(t)] 
is D. 


D = H(t)CH'(t) 


(40) 


Now the importance of Eqs . 37 through 4o derives from the fact that x(t) 
and C(t) completely determine the Joint probability density function for x(t) 
as a function of time. Namely; 


^Discretized versions of Eqs. 37 i«nd 39 are used in actual computation. 
The propagation Interval used for the discretized equations is 2 sec. 


p(x<| f . . t) 


« exp[-(l/2)(x - x)'C-Vx -x)] 


(ItO 


vhere p(xi; ...x^^ t) denotes the n-dimensional joint Gaussian probability 
density function for x(t) , y(t) and D(t) similarly define the joint proba- 
bility density function for y(t) . And, of course, x^ , xg, ... and yi , yp, ... 
can be used to represent a^ system variables in the problem of interest . The 
above equation for C (Eq. 39) and the last equation for D (Eq. ko) constitute 
the stochastic section for the complete model shown in Fig. 4l , This model is 
"closely related" to the one in Pig . 4o in that the same parameter matrices 
(which represent aircraft stability deriviatives, flight control system, SCAS 
and approach coupler gains, etc.) A(t), b(t), g(t) and H(t) characterize the 
equations for x and y as well as the equations for C and D. 

Since the probability density function in Eq. 4l is Gaussian, the longi- 
tudinal touchdown dispersion is: 



Pxji is the correlation coefficient for ground range, X, and altitude, H, and 
Ojj is the standard deviation for X. 

k * Results 

Performance evaluation results and interpretations are presented in this 
subsection. Table 9 is a gxiide to thest results. The system mode designations 
are given in terms of shorthand and code designations in Table 10. Results are 
in terms of time histories for the approach ensemble means and standard devia- 
tions of key variables . The noise and disturbance environment used to produce 
these results is summarized in Fig. 42. The disturbance environment Includes 
a mean headwind profile (UW) which is a function of altitude to simulate wind 
shear. Also Included are variable headwind (SUW) and crosswind (8VW) component 
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XABLE 9 

GUIDE TO PERFORMANCE EVALUATION RESULTS 


CASE 


CONDITIONS 

FIGURE NUMBER 

Disturhance 

Environment 

Mean and 
Standard 
Deviation 

Deterministic and 

Stochastic 

Disturbances 

42 

Longitudinal 

Mean 

^o 

= deg* 

43 

Longitudinal 

Standard 

Deviation 

^o 

= -6 deg 

44 

Longitudinal 

Mean 

^0 

= “10 deg 

43 

Longitudinal, 

Vertical 

Descent 

Expanded 
Scale 
Mean and 
Standard 
Deviation 


= -90 deg 

46 

Lateral- 

Directional 

Standard 

Deviation 


VTOL pad 

4? 

Lateral- 

Directional 

Standard 

Deviation 


CTOL runway 

48 

*1 deg = 1 .745 X 

10 ”^ rad . 





TABLE 10. CONTROL SYSTEM MODE CODE 


LONGITUDINAL SYSTEM MODE IfiW CODE 


Airspeed hold. Glide slope track (AS, GS) 1,2 
Deceleration initialization. Glide slope track (DECL I, GS) 3 
Deceleration, Glide slope track (DECL, GS) 4 
Point hover. Glide slope track (HOV, GS) 5 
Point hover, Altitude hold (HOV, ALT) 6 
Point hover. Vertical descent (HOV, VD) T 

LATERAL-DIRECTIONAL SYSTEM MODE < SA CODE 


Localizer track, turn following (IOC A) 1 

Localizer track, wing low (IOC B) 0 
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b) lateral-Directlonal Con^onents 
Fl/^’re 42. (Concluded) 



profiles. These components ajre also fvinctions of altitude to simulate wind 
shear and have levels which are random variables from one approach to the 
next, but are constant during any one approach. Fifty percent-probability-of- 
exceedence tirrbulence is used. Selection of the 50 percent level was arbitrary, 
even though representing a typical level in operation. (Larger levels might 
result in significant series servo limiting.) Longitudinal (SUG), normal (SWG), 
side (SVG) and effective rolling (SPG) components are included. The levels and 
integral scale lengths are functions of altitude and airspeed in the meinner of 
the Lryden turbulence model. MLS noise is modeled on the basis of the so-called 
path-following error budget described in Ref. 17* MLS glide slope (SETA), 
azimuth (SENU) and DMB (SXC) con 5 >onents sire included. 

Longitudinal sind latersil-dircctlonal response plots have been grouped by 
area of interest for Figs. *^5-45, 47 and 48. These areas of interest are 

Part a: Trajectory variables 

— Longitudinal; HD, ALTH, X, XD 

Lateral-Directional; PHI, PSI, YD, Y 

Part b; Cockpit indications 

— Longitudinal; LSW, VA, XD, XIND, ALTH, DE, 

HD, THET, DC, FDC, DCL, FDCL 

Lateral -Directional: SA, YE, PSI, R, PHI, 

AYP, DS, FDL, FDP 

Part c: Pilot acceptance variables 

— Longitudinal: Q, THEE, AZP, AX, VAE 

— Lateral -Directional ; P, PHI, R, AYP 

Part d; Limited variables 

— Longitudinal; THCD, FDC, DLH, DLNS, SR, 

DEH, FDCL, DCL 

— * LatereJ. -Directional ; PHDC, FDL, DLAT, 

DLIS, DPDS 

The criteria for pilot acceptability are limits upon variability about the 
meem responses. These limits are listed in Table 11. These limits are generally 
accepted in the industry. Some have been stated in FAA Advisory Circulars or 
in ICAO Annex 10, In part c of the standard deviation response figures, these 
limits are shown by J-shapcd brackets. 

Variables which are limited by device constraints or by actual limiter 
functions have their limiting values listed in Table 12. These limiting values 


in 


T.ART.F 1 1 . Pll^i ACCEFTAMCE LIMITS FOR PINAL APPROACH 

Attitude Deviation 
06 > dcp < 2 deg 

Attitude Rates 

Op, oq, Or < 2 deg/sec 

Linear Acceleration Deviation 
onz < 0 .1 g 
orixt ®ny S 0.05 g 

Airspeed Deviation (during airspeed hold) . 

OuAS - ^ 


TAB1£ 12. Sb^JMARY OP SYSTEM LIMIT lEVELS 


VARIABLE 

Pitch Attitude Command Limit 

Flight Director Longitudinal Cyclic 
Command Bar 

Longitudinal Cyclic Pitch Deflection 
(Stick Units) 

Longitudinal Cyclic Series Servo 
Deflection 

Sink Rate Command 
Beam Rate Command 

Flight Director Collective Command Bar 

Collective Pitch Deflection 
(Lever Units) 

Bank Angle Command 

Flight Director Lateral Cyclic 
Command Bar 

Loteral Cyclic Pitch Deflection 
(Stick Units) 

Lateral Cyclic Series Servo Deflection 
Rudder Series Servo Deflection 

*1 deg = 1 .7^5 X 10-2 rad. * 

+1 kt = 5.144 X 10“' m/s. 


LIMIT LEVEL 
±10 deg 
±1 in.* 


jjf.S in. 


±1 in. 

ifi.53 ft /sec 
ft/sec 
±1 in. 

+1 .78, +6.0 in. 

130 deg (K>C A) 
±1 in. 


i^.6 in. 


±1 in. 

±1 in. 

*1 in. = 2.5^ X 10“2 m. 
1 ft = 3.048 X 10"' m. 
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are represented by C-shaped brackets on the part d mean response plots and by 
F-shaped brackets on the part d standard deviation response plots . The upper 
horizontal stroke of the "F" represents the limiting value; the middle stroke 
of the "F" represents the limiting value less the absolute value of the mean 
response. The interpretation to be made is as follows: If the standard devia- 

tion for a variable is less than one-half the distance between the base of the 
"F" and the middle horizontal stroke, then the probability of encountering the 
operative limit is less theui 5 percent; if less than one-third the distance; 
less than 0.26 percent; if less than the distance itself, less than p2 percent; 
etc. In the case of the lateral-directional variables, the middle and upper 
horizontal strokes of the "F" coincide because the mean response for all 
lateral-directional variables is zero. 

Interpretation of Results 
a. Response Means for Longitudinal Variables 

The response means may be interpreted either as the mean responses in the 
stochastic disturbance environment or as the deterministic responses in the 
absences of all disturbances except the mean headwind/shear (UW) . 

These responses (Figs. and ^5) show well- controlled glide slope track- 
ing during the airspeed hold,, constant attitude deceleration and point hover 
phases of the final approach for approach path angles of -6 and -10 deg (-0.10 
and -0.17 rad). The aircraft continues to be well-controlled in the point 
hover mode through the transition from glide slope track to altitude hold at 
50 ft (15 m) and during the- exponential flare, vertical descent to touchdown. 
Figure 46 gives the key responses on expanded scales for the vertical descent 
maneuver. 

Transient responses at initiation of the constant attitude deceleration 
and point hover phase are oidy very slightly different for the -6 and —10 deg 
(-0.10 and -O.l? rad) approach paths. Thio lack of sensitivity to approach 
path angle is desirable. It is the result of the particular switching logic 
used. 

Initiation of the constant attitude decoloration maneuver results in 
modest "ballooning" above the glide path (refer to DF. trace) because there 


113 


is no crossfeed of the pitch-up deceleration command to the cyclic pitch 
control. A crossfeed is deemed unnecessary because the peak glide slope 
deviation is only 5 ft (l .5 m) at a ground range (X) of 2000 ft (6l0 m) 
from the hover point. 

Longitudinal (AX) and normal (AZP) accelerations er. countered during decel- 
eration and vertical descent phases are moderate . The longitudinal cyclic 
stick (DC) and collective pitch lever (DCL) deflections required are well 
within the available limits. The longitudinal series servo deflection (DLNS) 
required is well within the available authority. 

b . Response Standard Deviations for 

Longitudinal Variables 

Standard deviation responses are shown in Pig. 44 and on expanded scales 
for vertical descent in Pig. 46. The plots are for a -6 deg (-0.10 rad) 
approach path. Plots for other approach path angles are indistinguishable 
from the -6 deg (-0.10 rad) plots except for a slight stretching or shrinking 
of the time axis. There is virtually no dependence of the vertical descent 
results on approach path angle . 

The standard deviation responses show low variability in all trajectory 
variables and cockpit indications with the exceptions discussed below. Varia- 
bility in altitude (SALT) and ground range (SX) grow large during the constant 
airspeed and constant attitude deceleration phases of the approach. This is 
the (random walk) effect of the headwind (SUW) variability in producing along- 
path variations in aircraft position for a given time into the approach. This 
results because slant range is uncontrolled by this system, lliis along-path 
or slant- range component of variability is reduced to zero at t = 54*5 sec by 
a mathematical procedure. It must be emphasized that this procedure is actually 
part of the system model; it is not an arbitrary feature. Its purpose is to 
avoid introducing a fictitious slant- range dependency into the hover approach 
phase performance statistics. Airspeed (SVA) variability becomes large follow- 
ing the airspeed hold phase of tte approach. This occurs because speed regula- 
tion ceases during the constant attitude deceleration phase and because ground 
speed is regulated during the subsequent hover phase. Pitch attitude (STHET) 
variability tends to increase transiently during initiation of the constant 
attitude deceleration and hover phases. The generally larger pitch attitude 
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c) Longitudinal Pilot Acceptance Variables 
Figure 4 5 . ( Cont inued ) 






Control System Mode 



longitudinal Limits (li) 
Igure 43. (Concluded) 




U5W Control System Mode 
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b) Longitudinal Cockpit Indications (i) 
Figure (Continued) 
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LSM Control System Mode 
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b) longitudinal Coclcplt Indications (iii) 
Figure 4J|-. (Continued) 



c) longitudineil Pilot Acceptance Variables 
Figure 44. (Continued) 


Control System Mode 



d) longitudinal Units (l) 
Figure (Continued) 
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c) longitudinal Pilot Acceptance Variables 
Flg\jre U5. (Continued) 




d) Longitudinal Ltmlts (l) 
Figure 45. (Continued) 
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d) Longitudinal Liralts (ii) 
Figure U5. (Concluded) 







Indicoted Loterol Deviation 



b) lateral-Dlrectlonal Cockpit Indications (l) 
figure ^7* (Continued) 
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Figure 48. (Continued) 
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variability during these two phases is basically the effect of the pitch 
attitude required to trim in the face of various headwind components. 

Variability in rate of climb (SHD), the flight director command bars (SIDC 
and SFDCL) and the controls (SDC and SDCL) is very low throughout approach and 
landing. Figure k6 shows that ground speed (3XD) and longitudinal position 
(SX) variability is small throughout vertical descent. 

Variability in the pilot acceptance variables is satisfactory, but the 
following interpretations are required. Pitch attitude deviations from the 
commanded value (STHEE) show low variability before the hover phase. During 
the hover phase the high additional variability encountered is the result of 
DME noise. The actual pitch attitude (STHET) variability during hover is in 
the acceptable range (±2 deg). Variability in normal acceleration (SAZP) is 
larger than the acceptability level only for a very brief interval during 
initiation of the constant attitude deceleration phase. The acceptability level 
for airspeed error variability (SVAE) applies only during the airspeed hold 
phase of the approach. 

Inputs to all limiting functions except for pitch attitude command (STHCD) 
are such that the probability of llmititing is less than 5 percent. The proba- 
bility of pitch attitude limiting exceeds 5 percent only during the short hover 
initiation transient. This Is nevertheless expected to result in ecceptabile 
performance . 

c . Response Standard Deviations for 

Lateral-Directional Variables 


Recall that the mean response for all lateral-directional variables is 
zero. Response standard deviations are included for two landing site types, 
a VTOL pad in Fig, 47, and a CTOL runway in Pig. 48. The two sites have 
different separations between the axLiiuth and gli le slope antennas. This 
separation is 1000 ft (505 m) for the VTOL pad and 10,000 ft (3,o48 m) for 
the CTOL xunway . The level of MI£ noise disturbing the lateral-directional 
system is directly proportional to lange from the azimuth antenna. 

The standard deviation respunser; show low variability in all trajectory 
variables and cockpit indications except for bank angle (SPHI) in the CTOL 
runway case. The large bank angle variability is the result of coupling too 
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tightly to the localizer at large ranges from the aximuth antenna in the 
Section IV design. Reduced-!^ and gains or. range -scheduled values for 
these gains. will be required in the final system. In particular, lateral 
deviation (SY) and lateral deviation rate (SYD) standard deviations are small 
throi;ighout the approach. The standard deviation in heading deviation (refer- 
enced to runway centerline) (SPSI) is almost entirely due to crab angle 
resulting from crosswind variability, one approach to the next. 

All standard devied:ions for pilot acceptance variables are satisfactory 
for the VTOL pad case. For the CTOL runway case, the standard deviations for 
roll rate (SP) and bank angle (SPUE) exceed the acceptable level by a signifi- 
cant amount. This is for the reason explained in the preceding paragraph. 

This problem will be eliminated by the same fix in the final system. 

Inputs to the crosstrack rate (SYE) and bank angle cQmmr.nd (SPHDC) limiters, 
and to lateral cyclic pitch (SDIAT) and stick (SDS), flight director lateral 
cyclic command bar (SFDP) are all less than one- fovurth of the limit level for 
the 'VTOL pad case. The rudder series servo deflection (SDPDS) is such the 
probability of limiting is l8 percent during very low speed flight. The effec- 
tive reduction in yaw damping res\ilting from this may be tolerable in the 
final system. If it is not, low frequency inputs to the rudder series servo 
will have to be shifted to the rudder force feel system actuator. Early in 
the approach record the standard deviation of the lateral cyclic series servo 
deflection (SDLTS) approaches the limit level. This again is the result of 
overly tight coupling to the localizer. 

The inputs to the limiting functions have similar characteristics for the 
CTOL runway case, but the limiting is more severe in •.:he case of bank angle 
command I'SPHCD) and lateral cyclic series servo deflection (SDLTS) • Less tight 
coupling to the localizer in the final system will reduce these limiter inputs 
to acceptable levels , 

d. Touchdown Statistics 


Criteria for a successful touchdown are compared with the corresponding 
values resulting from performance evaluation in Table 1J. It turns out that 
these performance evaluation values are unchanged to two significant figures 

4 
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T1.BLR 1 5^ COMPAIRSON OF KEY VARIABLES AT 
TOUCHDOWN WITH ACCEPTABLE LIMITS 


PERFORMANCE 

VTOL 

pad CTOL Itoway 
1 .26 7 .35 ft* 

6.36 ft 

1 .58 ft/sec 

. -^.28 ft/sec 

-2.98 ft/sec 
5.56 deg^ 

-2.65 deg 

0.12 0.1 4 deg/sec 

0.23 0.43 ft/sec 

1.87 2.25 deg 


REQUIREMENT 

oyip'D <0.1 W 

(W = T50 ft, typical) 

°X<rp 5 0 

critical for CTOL run^jay) 

oXtd 5. 5.0 ft/sec (not 
critical for CTOL runway) 

% + 3a£^ < 0 ft/sec 

ft/sec 

®TD S 12.75 deg 

«TD “ ^ 

ar^ijj< 2.0 deg/sec 
<JvxD - ft/sec 
30(p^D < 15 deg 


SOURCE 

ToucMown point 
location 

Touchdown, point 
location 

Roll off pad 

Positiveness of 
touchdown 

Landing gear strength 

Airframe ground 
clearance 

Nose gear- first 
touchdown limit 

Nose gear side load 

Landing side load 

Airframe ground 
clearance 


—1 -2 
*1 ft = 3.048 X 10 m. 1 deg = 1.745 x 10 rad. 


when the missed approach decision rule is operative. In every case, the per- 
formance achieved is far better than the criterion specified in the "Require- 
ment" column. This may be interpreted as permitting safe system operation in 

a more severe disturbance envifonment or as permitting operation with systems 
of lesser effectiveness than that developed herein . 

The basic limitations upon touchdown accuracy for the current system arise 
from the significant noise levels on the DME and azimuth (CTOL runway only) 
guidance s gnals . 
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SECTION VI 

APPROACH MONITORING CRITERIA 


Development of approach monitoring criteria for both manually and auto- 
matically controlled approaches proceeds interactively with performance evalua- 
tion — These critieria. are then implemented in the missed approach decision 
rule . In. this section the important considerations involved are discussed 
first, then the technical results are presented. 

The actual decision to break off an approach may of course be made at any 
point in the approach prior to the decision point. However, concepts based 
upon a single decision point, are used since they are sufficient to protect 
against a landing accident arising from an out -of -tolerance approach. The 
development concepts are the same for both automatically and manually con- 
trolled approaches, and regardless of whether criterion evaluation is a 
computer or pilot task. However, it is possible that distinctly different 
criteria are appropriate for computer and pilot evaluation. This is so 
because of the pilot-centered requirements when, conventional aircraft instru- 
ments (ADI, HSI, etc.) are used. Requirements are for acceptable workload 
level when aircraft is manually controlled via the flight director, ability 
to discern the criterion levels accurately using the given instrument scales, 
etc. These pilot-centered requirements are noc operative when criterion 
evaluation is implemented in the computer. 

A. BASIC CONCERES 

Approach monitoring criteria tend to derive from three basic considerations: 

• Airframe operational performance, e.g., control power 
envelope limits defining the safe operation corridor 

• Limits upon dynamic excursions for reasons of pilot 
acceptance . 

• Limits upon dynamic excursions for reasons of achieving 
landing on the pad/runway with precision adequate for 
safety 
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Operational characteristics tend to establiah-lhe "location" of the latest 
point in the approach at which a missed approach may be elected, that is, it 
establishes a selected altitude and/or distance as a "decision point." The 
XY-15 decision point location is selected-to occur during the stabilized 
point hosier while in the altitude hold moda, just- prior to committing to 
vertical descent. This decision point is at the latest possible time in the 
approach because missed approach execution from the vertical-descent maneuver 
appears unwise in the extreme. This is the case because later execution of a 
missed approach would require arrest of the established sink rate using the 
modest amoiuit of remaining collective pitch control power. On the other hand, 
an earlier decision point Is undesirable because the missed approacli decision . 
rule is then less effective in eliminating unsafe touchdown conditions Tiii.s 
is the case because of increased exposure to subsequent disturbances which 
can produce unsafe conditions. These are the key operational performance 
considerations . - 

Limits imposed by virtue of pilot acceptance of dynamic excursions in 
attitude, speed, etc., throughout the approach have already been evaluated in 
the previous section. Dynamic excursions in attitude, attitude rate, linear 
acceleration, and speed are found to remain generally witliin limits wlxioh 
inspire pilot confidence in the integrity of system performance thx'oughout the 
approach . 

The class of limits which arise from landing precision requirements is more 
difficult- to determine. It requires that limits on acceptable touchdown dis- 
persion and sink rate (as well as— the other, quantities listed in Tabic 13) be 
project^ back up the approach path to establish limits upon the available 
approach status data at the decision point. The limits on the approach status 
data at the decision point must assure a high probability of achieving touch- 
down conditions which are within the "safe landing" limits without being imduly 
conservative (i.e., causing an excessive missed approach rate). By this 
description it is clear that this aspect of determining approach monitoring 
criteria con have an iterative interaction with the landing pcrfornuujco evalua- 
tion. Fortimateiy, selection of the covariance propagation o\ethod of perform- 
ance evaluation provides a key relationship between dispersion at the decision 
point and dispersion at touchdown. This relationship enables Identification 
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of the osoentlal variables l,r approach ccpltpring and. critical decision 
1 ? those variables. Ihese variables and the correspondlr^ decision 

eve s e e an approach ’•windov." If an approach trajectory passes through 
s vi^ov, there Is a high probability that the resulting landing vill be 
acceptable and that approach Is continued to touchdown, m other approaches 
are converted to missed approaches as go-arounds are executed. 

Oto method for developing approach monitoring criteria arising from touch- 
down dispersion siust accommodate two facta; 

* tos'f of^ii^if®s"“‘ essentially be predicted on the 
time thf ™ sensor measurements existing at the 
time the decision point ia reached . 

• Acceptable values of the key variables characterizine 
touchdown conditions must be inferred from a differeft 
only somewhat related, set of variables which are the * 
airborne sensor measurements . 

Characterising aecepta- 

ouc own. These are listed in the "Requirement'' co.i.umn of Table 13. A 

St of the available airborne measurements is in Table Ih. (The fact that 

only some of theee measuremente are available to the crew via conventional 

inst^entatlen must be taken into account when approach monitoring is aoeom- 
plished by the crew.) 

orlort "tT wroach performance Just 

prior to the decisven point. Just after the decision pnint, the missed approach 

- to, and touchdown diapersi..n. Define the following variables: 

X Expected value (meOn) of state vector 

^ “ alternate state vector 

LndJuS^s ?Table touchdown 

(?SiriS)Vl = S? nieasuroments 

^ alternative state vector 

includes the key variables determining touch- 
down conditions and airborne measurements ^ 

> & 


(0 
(•) 
( 


'dp 

I + 

'dp 

)td 


(•) eva 2 .uated Just before the decision point 
(•) evaluated just after the decision point 
(•) evaluated at touchdown 
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I a»BLE-l4 

V AIBBORHE MEASUREMEMTS 

t 


ye 

a 

h 

Xi 

<P> t 

Va 

« 

X 


Indicated MLS glide, slope deviation* 
Indicated MIS localizer deviation* 

MIS derived glide slope deviation rate 
Instantaneous-vertical speed* 
Barometric and radar altitude* 

DME (distance)* 

Pitch, roll, heading* 

Airspeed* 

Ground speed (via DME)* 


q> P» r 


Pitch, roll, yaw rate gyros 


Normal, longitudinal, and lateral* acceleration 


Instrument flag signals* 
Rotor speed* 

Rotor cross -■’ha ft torque* 
Differential collective pitch 
Flap position* 

Nacelle (pylon) angle* 


Require logical 
test for valid 
range 


*Cockpit indications available . 




?o1o«SS“°" point 

fr^stSctortic'^is?S^”* r touchdown arising 
tho intarval 

S2'i^Ss“S“tf 

aeclslon polrio SdSn 

The following relationships f based on 

tlties.,ust after the decision point and aTtTlM^^ 

j^D - ^yp^p + e 


^D - <w>dV’ + r 

(These equations may be thought of as the result of < 
between the decision point and touchdown, fonowel b 

and JfO.) ilowed by application of Eqs. 58 

on 0PPhlrs.::itltgtlt^^^^^^ ^ ^ased 

-a a.aractsrlstlcsrdrni::d:aZar:r r 

approach path, porfo^nce characteristics o^tl a ! 

anoe and control lav structure, w the d, ““ ‘“-a basic guld- 

can be veiy sensitive to the annroa h aPabaion In key touchdown variables, 

aanaltlve to the approach In^ c^^rr^ " -- 

‘o by imposing the missed approach deed si convened 

"onitorlng criteria.) me next step consiets 

variables (or combinations of variables) in iw,+ n/” “aaanrement 

variables in ii,, i„ a sensitive way me c ^ ‘“■> 

performance evaluation makes numerical eval^n ^’aopagatlon method of 

that this step is really less o<m,plex tZ U m "n.“' ^ ‘ ““ 

atop, the procedure described immedlatelv bel ^ “J’Paar. In the final 

just prior to the decision point, (•■)-+ convert quantities 

patht, (.)nV Of ap„ !r:h r ^-^alon 

used to evaluate dispersion in key touchd ^^^’iteria, and Eq. 44 is 

key touchdown variables. This process is 
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continued iteratively until approach monitoring criteria satisfying all per- 
formance objectives are found.. In this latter step, effects of electing 
missed approach execution or approach continuation on landing performance are 
evaluated and the missed approach rate is determined. The upper limit placed 
on the missed approach rate, is < 0.05 this iterative procedure. 

Since out- of -tolerance approaches are converted to missed approaches at 
the decision height in our model, there must also be a correction of the joint 
probability density function (refer to Eq. 4l ) for all problem variables at 
the decision height so that only those approaches which are continued to touch- 
down are represented. For illustrative purposes only, consider example 
approach monitoring criteria for indicated distance (DME), Xj_, and MIS glide 
slope deviation, de- Let the decision levels for these variables be ±60 ft 
(±l8 m) and ±6 ft (±l .8 m), respectively. Just prior to the decision point 
the joint probability density fvmction is: 

[p(Xi, de, xj, ...Xn, ^ (15 m) 

Just after the decision point it is 

[p{Xi» ^e* ...Xq, ^ (46) 

fof < Xi < 6o and "6 < dg < 6, and is zero elsewhere. (1 — is the 
"volume" under the joint probability density function surface (Eq. 4l ) between 
the above limits on Xi and dg . The joint probability density function just 
after the decision height is obviously non-Gausslan. This non-Gaussian joint 
probability density fimction for Xi and dg is approximated by a Gaussian one 
having the same first and second moments . The influence of these first and 
second moments (i.e., the means and variances) upon the mean and covariance 
for other states is modeled in simulation as the expected outcome of a single 
discrete Kalman measvirement update. The result of this update provides the 
initial conditions for continuing the solution of Eqs . 57 through 4o from the 
decision height to touchdown for IMC operations with the missed approach 
decision rule operative. 
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B. Bffiimis 


ReoaU that the standard deviations of the elements In the vector are 
square roots of the respective diagonal elements of 1®. Referring to the 
right hand, aide of Eq. W., tvo terms are apparent. The first term represents 
that component of Dip uhlch arises because varlablUty in y® Just after the 
decision point. This component may be modified by changing the approach 
monitoring criteria. The second term represents that comppnent of %, vhich. 
arises because of. the stochastic conponents of turbulence and MhS noise acting 
betueen the decision point and touchdoun. This component is not affected by 
the approach monitoring criteria. This component sets the lower bound on the 
reduction in staiidard deviations of y® obtainable via the approach monitoring 
criteria and the attendant missed approach decision rule . 

Tables 15 through 17 summarize the standard deviation for y^j]) vector in 
the absence of approach monitoring criteria, and the lower bound 

achievable with approach monitoring criteria, VTrTil* These tables together 
with Table 15 lead to the following conclusions. 


• Dispersion in key variables at touchdown is well within 
acceptable safe limits in the absence of an approach 
monitoring criterion and attendant missed approach 
decision rule (Table 15) • 

• Potential for reduction in key variable 

touchdown with use of an approach monitoring criterion 
and attendant missed approach decision rule is slight 
(Tables 15 through 17)* 

Esgardless of the negative indication of necessity given above, approach 
monitoring criteria are imposed baeed on estimates of likely conditions result- 
Ing from- pilot abuse of the approach and landing system operating procedures. 
These are given in Table l8. The resulting probability of missed approach 
assuming normal system use is ^ = O.OOSa or a rate of about one in 12a WC 
approaches . The significant contributions to from the second and third 

items in Table l8 in approximately equal amounts. 


In the earlier stages of the 
given in Table 19 are recommended 


final approach missed approach decision levels 
. The resulting probability of missed 
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TABLE 15 


COMPONENTS OF LONGITUDINAL TOUCHDOWN DISPERSION REDUCIBLE 
BY MISSED APPROACH DECISION RULE AT 50 IT 


VARIABLE 

UNITS 

KEY AT 
TOUCHDOWN 

STANDARD DEVIATION 
Total, Minimum, VTr) 

± 

ft/sec- 

■y 

1.58 

1 -52 

H 

ft/sec 


0.116 

0.085 

<i 

deg’*' /sec 


1 .1^9 

1.48 

e 

deg 

•J 

1 .57 - . 

1 .54 

E 

ft 


1 .14 

0.596 

X 

ft 


6.55 

6.25 


in* 


0.515 

0.057 

®CL 

in. 


0.21 4 

0.C51 

*9 

ft/sec2 


0.665 

0.584 

*10 

in. 


o.oo4 

0.00+ 

K 

ft 


0.00’^ 

0.00 

6s 

in. 


0.520 

0.519 

®cAe 

deg 


2.45 

2.45 

Xi4 

in. 


0.105 

0.105 

EDg 

in. 


0.115 

0.115 

®cd 

deg 


5.59 

5.59 

*17 

ft/sec 


11 .0 

5.^9 

de 

ft 


1.55 

0.769 


ft 


20.9 

20.9 


ft » 5.0J+8 X 10"^ o. 

'•‘1 deg = 1 . 71*5 X 10-2 rad. 
*1 in. a 2. 5** X 10“^ xa. 
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TABLE 16 


j 

i 


i 

\ 


I 



COMIONENTS OF LATERAL TOUCHDOWN DISPERSION REDUCIBLE 
BY MISSED APPROACH DECISION RULE AT 50 FT* 
(VTOL PAD CASE) 


STANDARD DEVIATION 


VARIABLE 

UNITS 

KEY AT 
TOUCHDOWN 

Total, V(OTD)ii 

Minimum, V(r)ii 

« 

y 

ft/aec . 

4 

0.227 

0.108 

p 

deg^/sec 


• 0.150 

0.125 

r 

deg/sec 

J 

0.116 

0.111 

9 

deg 

4 

0.625 

0.160 

V 

deg 


10.9 

0.146 

y 

ft 

4 

1 .26 

0.522 

®PDS 

V ” ts 

in* 

deg 


0.606 

0.239 

0.109 

0.146 

Bi/cs 

In. 


0.235 

0.063 

I'A 

XI 1 

deg 

in. 


0.618 

0.007 

0.252 

0.006 

FDl 

in. 


0.014 

0.014 


deg 


0.297 

0.190 

9dc 

deg 


0.611 

0.208 

ye 

ft 


0.740 

0.502 

II 

VtJ 

1.0U8 X 10“^ m. 




+1 deg = 

1 .745 X 10~2 rad 

• 



#1 in. * 

2.54 X 10"® m. 





I 


I 

I 


I 
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TABLE 17 

COMFONENTS OP LATERAL TOUCHDOV/N DISPERSION REDUCIBLE 
BY MISSED APPROACH DECISION RULE AT 50 IT* 

(CTOL RUNWAY CASE) 


VARIABLE UNITS 

y ft/sec 

p de^/sec 

r deg/sec 

(p deg 

V deg 

y ft 

8pDS 

\|f - i|fg deg 

®LTS • 

<Pc/K9 


KEY AT 
TOUCHDOWN 


STANDARD DEVIATION 
Total, Vlr^D)ii Minimum, V(r)ii 


0 . 1*35 

0.594 

0.129 

0.751 

10.8 

7.55 

0.606 

0.244 

0.358 

1 .47 

0.055 
0.100 
1 .07 
1 .19 
1 .15 


0.386 

0.592 

0.124 

0.449 
0.155 
1 .53 
0.119 
0.155 
0.251 
1 .36 
0.035 
0.100 
1 .05 

1 .o4 


*1 ft = 3 .o48 X 10"^ m. 

+ 1 deg = 1 .745 X 10"^ rad. 
*1 in. = 2 . 5 I* X 10‘2 nt. 
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TABLE l8 . 


MISSED APPROACH DECISION LEVELS 
(JUST PRIOR TO VERTICAL DESCENT COMMITTMENT) 


COCKPIT DECISION 

INDICATION LEVEL MOTIVATION 


H 


d 


Xi 

ye 


s6 ft* 

of hover 

reference 

altitude 

-2.5 deg* 

i£0 ft 
±15 ft 


Strong effect on touchdown sink rate 


Indicative of excessive turbulence and/or 
wind effects upon airframe ground clearance 
at touchdown 

Indicative of gross system error 
Indicative of gross system error 


TABLE T 9 

MISSED APPROACH DECISION LEVELS 
(PINAL APPROACH) 


COCKPIT DECISION 

INDICATION LEVEL MOTIVATION 

dg ±1 2 ft 

yg S 24 ft 

ti > 20 kt 

(55.8 ft/sec) 


*1 ft = 3. 0^+8 X 10 "^ m. 

■^1 deg = 1 .7^5 X 10 "^ rad 


Indicative of gross system error 
Indicative of gross system error 
At hover mode engage 


approaci. assuming normal system use is zero during the earlier stages of the 
final approach. 




The data presented above lead to the conclusion that no intricately 
computed approach monitoring criteria would be beneficial for significantly 
reducing either the probability of missed approach or touchdown dispersion. 
Therefore, computer evaluated approach monitoring criteria selected are the 
same as the pilot evaluated criteria given in Tables 18 and 19 • 


SECTION -Vir 


FIIOTEa) FIXED BASE SBOJIATION BESULT3 


An abbreviated fixed, base simulation was conducted using the VSTOIAND I 819 B 
airborne computers for the system equations and an EAI 8400 for the equations of 
motion. The objectives of the simulation were as fo3JLows: 

• Exercise system in an actual pilot- vehicle environment. 

• Identify deficiencies not obvious from analysis aiid make 
required system modifications. 

• Obtain preliminary evaluation of final system. 

o Generate computer program tape of final sys-«m to allow 
direct use in XV-I 5 version of VSTOIAND. 

All of the above objectives were achieved. One qualification is that the com- 
plementary filtered position and derived rate information from the VSTOIAND 
could not be used. This was due to the fact that the derivative relationships 
between the estimated positions and estimated velocities are not preserved 
when the values of the states (X, Y and Z) are small. This defect manifested 
itself as a loss of pheise lead in the estimated velocities j and granularity 
in the estimated positions at low amplitudes. This in turn resulted in con- 
tinuous low to moderate amplitude oscillations in path. In order to complete 
the program, the aircraft positions and velocities were taken directly from 
the equations of motion calculations (bypassing the VSTOIAND naviga- ion equa- 
tions). For this reason curved paths could not be flown. 

Because of time and cost limitations, only the STI project pilot flew the 
simulation. Certain modificatiojis ;fere made to the system described in Section 
III. These modifications are discussed in the follo^/ing s\ibsectlon. The 
results of an abbreviated evaluation of the final system are given in Sub- 
section B. 


A. SYSTEM MDDrPICATIONS 

• « 

Maimed simulation identified necessary refinements for the system described 
in Section III. These are discussed below. 

\ . Constant Speed Column Director 

Unacceptably large airspeed errors (order of 7 percent) tended to persist 
even though the pitch flight director bar was kept reasonably centered. The 
problem turned out to be inadequate resolution on the display [e.g., 4 kt 
(2 m/s) was only O.05 in. (0.0013 m) of flight director error). Increasing 
the flight director gain (KpDq) ^ factor of 2 resolved the airspeed error 
problem but resulted in a '«twitchy" fli^t director. This further confirmed 
the basic requirement that the overaU open-loop sensitivity for a k/s pitch 
flight director should be about 0.4 in. /sec (0.0102 m/s) of fli^t director 

per inch of stick. (See Section III.) Hence the problem reduces to a funda- 
mental tradeoff between SCAS sensitivity (K^^) and allowable airspeed errors. 
Based on limited simulation, it appeared that K- could be reduced by a factor 

w 

of 2 in order to allow doubling of 

In the final configuration, Kg was reduced from 
10 deg/sec/in. to 5 deg/sec/ia? and Kpn^, v;as 
Increased to 2.86 in ./rad (0.075 m/rad). 

2. Revised Deceleration Strategy 

The constant attitude open-loop deceleration was found to be somewhat 
unsatisfactory because of director display resolution problems and 

sensitivity to pilot abuses (delay in initiating deceleration, etc,). Fig. 49 
shows the effect of holding the fU^t director bar high or low on the center 
dot. Both cases result in undesirable transients at transition to the hover 

mode. 

Based on these results it was decided to reinterpret the equation for 
constant attitude deceleration (derived in Subsection III-H) 
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-X + 


e 


e 


dSi|i 


e 


e 


X + 


INC 

d6^ 


In 



(if?) 


«here 0nic = " eH »«>d aai^A 1= 

vlth alr- 3 paed (assumed to be a coustaut, KSVA). When ee a 0, the air 
craft is on a trajectory uhlch corresponds to deceleration at a constant 
attitude, 9 d. Hence, es Is a logical choice for a feedhach variable. 

A relatively low feedback gain on eg (Keg ” -0.0275 rad/«) 

f- OQ rad/m) yields sufficiently good regulation 

Lfnot a^tefthe K/s characteristics of the flight director. 


An attractive conaeguence of using eg feedback to the pitch flight director 
arises from the fact that pitch attitude feedback becomes an Inner loop. As an 
Inner loop, pitch attitude must be washed out to avoid standoffs. This washout 
requirement, In turn, results in the constant attitude deceleration moto pitch 
feedback being the same as for the other modes (airspeed hold and hover). The 
end result Is considerable simplification of the original compler switching 
and synchronising used to remove the washout during constant attitude decelera- 

tion. (See Fig. 2.) 

The effect on the deceleration trajectory of varying the value of e^c in 
Eq. hj is shovm in Fig. 50- The trends are according to the analjrsis in Sub- 
section III-H: increasing Gmc (®INC = ®D *“ delays the initiation ©f 

deceleration. The resulting trajectories are characterized by higher levels 
of deceleration and shorter deceleration times. An attractive feature of this 
guidance scheme covad be provision of a pilot-selected deceleration level. For 
example, the pilot may select low 9mc*s for IFR and larger emc’s for VFR. 


The degree to which constant attitude deceleration is adiieved decreases as 
0INC increases as shovm in the simulaUon time histories in Fig. 51 ♦ This is 
8imp.ly a result of the fact that delays in the initial pitch-up become more 
critical when the deceleration magnitude is greater and initiated later. Values 
of enic between 1 .0 and 1 *5 were found fco be desirable for IFR decelerations. 
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Fxgure 5I • Effect of Sjhc on Pitch Attitude and e0 

The use of 69 feedback retains the basic philosophy of the open-loop, 
constant attitude deceleration scheme derived in Subsection III-H. That is, 
once a value of Ourc chosen, the deceleration trajectory is invariant wl.th 
steady winds* (in the case of 09 feedback the deceleration reference pitch 
attitude is automatically adjiosted in the face of changing winds, whereas in 
the open-loop case it is calculated only once at initiation of deceleration.) 
Figure 52 demonstrates that similar trajectories are achieved for winds varying 
from a 10 kt (5 m/s) tailvdnd to a l<0 kt (21 m/s) headwind. 

A primary weakness of the original open-loop deceleration scheme was its 
inability to cope with wind shear. (See discussion on page 48.) As shown in 
Fig. 53, the eg feedback system does a reasonable job of regulating against a 
large [2 kt/sec (1 m/s)] decreasing headwind shear. 










Effect of Steady Winds on Closed-Loop Deceleration Trajectories 













Shear (Closed -Loop Deceleration) 


-o in ngd. 50 through 53 was 

£prjrrr“j=rr rr. — =r.. 

teristics are summarized for. a -6 deg (-0 10 rad^ fU/?h+ ■. ^ 

^q 2 .ow. ^ flight pf.th angle in Pig. ^ 



FXgara ^k. Comparison of Trim Characteristics 
From Fig. 54. it can be seen that a value of -0 0 kP 7 for if ^ 

which n * InM easing Kg^j^ tended to doerease the range at 

Which deceleration was initiated. OMs has the saae deleterions effl^ as 

increasing e.g., attitude is less constant during deceleration It la 

m,"r T "••• “ “ “ "•“» ~ - 

feature Ir^h! T initiation. Portaately, the constant attitude 

feature of the deceleration guidance schenc is preserved as Iona as a i a 
nade too large [less than 2 deg (0.035 rad)] 
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3* X Uniter 


A limiter was added to prevent large velocity commands when the aircraft is 
displaced a large distance from the commanded hover position. The limiter is 
mechanized as shown in Fig. 55 helow. The limiter is set so a rnavi mrim frpound 

speed of ±20 ft/sec (6 m/s) could he commanded e.g., ±20 Kj^ = Xlim = l60 ft 
(W.8 m) . 



Figure 55. Addition of X Limiter 


4. Vertical Descent Logic 

The "p” blend in Fig. 2 was replaced with a simple switching function. 

This was necessitated by an undesirable transient output of the integrator 
(%cr/s) during the initial phase of vertical descent. 

3* Summary Block Diagram 

A summary of the status of the longitudinal system at the completion of the 
piloted simulation program is given in Fig. 56. 

B. LIMITEa) EVAUIATIOW 

Some evalmtion runs were made by the STI project pilot (Roger Hoh) to 
assess the performance of the final system. The pilot ratings given must be 
tempered by the fact that the project pilot played a major role in the system 
design. 




Longitudinal System at Conclusion 
Piloted Simulation 
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1 I Longitudinal Syetem 

The longitudinal system performanc. Nas found to be excellent by any 
standard in that the tracking errors were negligible for the following 
inputs . 

• Steady winds varying from a 10 kt (5 m/s) tailwind 
to a kt (21 m/s) headwind. 

• 30 kt (15 m/s) wind shears at a rate of 2 kt/sec 

(l m/s/s) (both decreasing and increasing headwind 
shears). These shears were induced at each phase 
of the approach. 

• 4.5 ft/sec (1 .4 m/s) rms turbulence.* 

• Large pilot abuses including a 5 sec delay from 
commanded deceleration to initiation of pitchup. 

The measured performance was essentially identical for manual (flight director) 
and fully automatic approaches on glide slopes varying from 6 deg to 10 deg 
(0.10 rad to 0.17 rad) . 

As expected, the ratings and commentary for manual approaches reflect a 
very high workload situation. For a nominal approach with no disturbances, 
the Cooper Harper pilot ratings for deceleration and hover were h-l/s. Addi- 
tion of the major disturbances listed above had little effect on the ratings. 
Tha pilot's major complaints centered on the poor attitude precision during 
the large attitude maneuver required to decelerate, and the constant attention 
required on the director during hover. Neither of these deficiencies was 
unexpect^ (see Section III) and both are attributable to the design con- 
straint In^JOscd by the very limited authority of the series servos on the 
XV-15. Marginal attitude precision is attributable to the low attitude 
band\d.dth (see Pig. 5) which must be used to prevent series servo satura- 
tion. Use of a rate conutiand SCAS for hover was dictated solely by series 


Subsequent to completion of the manned simulation evaluation, the turbu- 
lence representation in the XV-15 simulator math model was found to be invalid. 
The exact nature of this discrepancy is no1 known to the authors. 
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servo saturation. It is well known that attitude command is significantly 
superior to rate cooimand for hover. (For example^ see Ref. 12.) Hence the 
ratings of i*-l/2 for hover are indicative of the test that can he done with 
a rate command system when hovering in instrument meteorological conditions 
(IMC). It is interesting that the ratings vary very little (maximum of 5) 
with the addition of very large disturbances. 

2. Lateral ^stem 

The lateral system worked well in a no -disturbance environment. The IOC B 

• . 

mode was especially effective at low speeds [below 6o kt (31 m/s)]. Unfor- 
tunately, a problem in the XV-15 simulation math model did not allow evaluations 
in steady crosswinds. All the problems noted in hover for the longitudinal 
system also apply for the lateral system. 

Time histories showing localizer recapture from a 50 ft (15 m) offsex for 
LOC A and LOG B are shown in Pig. 57. 





;ure 57* Response of Manual System to 50 ft Lateral Offset 











SECTION VIII 


CONCLUSIONS 


A. BASIC OBSEEtVASIONS 

XV-15 flight path angle on final approach in the helicopter mode is limited 
in the downward direction hy -10 deg (-0.17 rad). Limitation arises from the 
minimum flight idle power setting which is the usual case for,J£S!E0L aircraft. 

The —10 deg (-0.17 rad) limit is much more severe than the -JO deg (—0.52 rad) 
limit originally planned for however . •— 

Significant force-feel system damping ratio increases with decreasing 
airspeed are undesirable. 

The installed "rate corrimand, attitude retention" SGAS is only approximately 
rate command. ."Attitude retention" should not be confused with "attitude hold." 
The former is a part-time attitude feedback system, while the latter has full- 
time attitude feedback. 

B. DESIGN CONSIDERATIONS 

Pilot workload considerations in the flight director mode of operation 
dictate a maximum of two active director commands. Therefore the collective 
pitch and pedal control axes are made fully automatic for approach and landing. 

Structuring the automatic modes of the approach and landing system in the 
manner of the manual flight director system is an effective design approach^ 
This consists of replacing the pilot's control function by an automatic system 
gain coupling each flight director signal into the corresponding force-feel 
system actuator. All gviidance and control and pilot -centered requirements are 
satisfied by both systems when this approach is used. Furthermore, automatic 
system operation is similar to the pilot's manual operation of the system. 

Still further, pilot monitoring of automatic system operation is facilitated 
by virtue of both systems satisfying the pilot-centered requirements. 
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Deceleration by means of a constant pitch attitude maneuver during final 
approach is an effective deceleration strate^ which tends to have low work-, 
load Contribution and acceptable duration (e.g., 4 $ sec). Required pitch 
attitudes (and longitudinal acceleration levels) are moderated by adjusting 
the range at which the constant attitude deceleration maneuver is initiated . 
Range is adjusted according to estimated wind speed and airspeed. The initia- 
tion point and reference pitch attitude are computed such that the range vs . 
range rate profile is not a function of steady wind speed . The latter two 
points are essential to viability of this scheme. 

Combined lack of directional stability and an aerodynamic sideslip 
measurement for the XV-15 in the low speed regime requires minor loop heading 
regulation via the pedal series servo. 

Pilot workload considerations indicate "rate command, attitude hold" as 
the minimvun acceptable level of augmentation. 

Limited authority of series actuation precludes use of higher levels of 
augmentation such as "attitude command" or "translational rate command." 

Airspeed-to-collective crossfeeding is essential to precise glide path 
control below the .speed for minimum power . 

High turn rate sensitivity in a bank-to-turn lateral control mode at low 
speeds recommends transition to a bank-to-translate mode in this speed regime . 

C . PERFORMANCE EVALUATION- 

Eva^ujition of landing system performance throughout a decelerating approach 
to touchdown can be accomplished economically and effectively using non- 
stationary covariance propagation techniques . 

Approach monitoring criteria are required to protect against pilot abuse 
of normal system operating procedures (blunders) . The precision of control 
attainable with the XV-I5 + SCAS + MLS is such tliat reasonable disturbance 
levels do not result in violation of criteria for safe touchdown or for pilot 
acceptance in the case of normal system operation even in the absence of a 
missed approach decision rule. Therefore approach monitoring criteria are not 
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required for the usual primary purpose of protecting ngainst unsafe levels of 
touchdoun dispersion. Iheir usual purpose is to convert out-of-tolersnce 
approaches to missed approaches by means of a missed approach decision rule. 

High precision approach path and touchdown point control requires ticht 
MIS guidance coupling. This in turn requires gain scheduling in coupling to 

the ms guidance signals because of the range dependency of the guidance noise 
When expressed in linear units. 

D. SIMUIATOR EVALUAIION 

The system was able to regulate against very large disturbances yith negli- 
gible errors in the longitudinal axis. The lateral axis worked very well but 
could not be tested against disturbances because of problems with thexV -15 
simulation math model. Pilot ratings of 4-1/2 were obtained for hover and 
deceleration to hover with and without large disturbances. It is felt that 
these ratings would be improved with a higher bandwidth rate-com-nand, atti- 
tude-hold SCAS during deceleration which would undergo conversion to an 
attitude or translational rate command SCAS in hover. Both of these options 

were disallowed in the present study due to a very limited series servo 
authority. 
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APPENDIX A 


MODEIfi USED FOR MI5 GUIDAHCE; WIND, WIND SHEAR 
AND TURBULENCE; AND AIRCRAFT 


The equations and numerical parameter values actually used in the overall 
system performance model are summarized in this appendix . 

GLIDE SLOPE BEAM ALIGNMENT AND NOISE MODEL 

This subsection documents the model of the MLS Glide Slope signal used in 
the system performance analysis . The model represents the received signal in 
the aircraft (in distinction to representing the MLS signal in space). Conse- 
quently, only the deterministic portion of the received signal model is a 
function of the receiving antenna location for a given range . 

The model of the received signal consists of three components: 

• The selected ideal straight path line at angle, 0, with 
respect to horizontal in the vertical plane containing 
the riaiway centerline 

• The deviation of the mean alignment by angle, 6B, for the 
actual beam from the ideal above . 

• The angular deviation, arising from actual beam struc- 
ture with respect to the mean alignment of the beam. 

The first of the above components is deterministic . 

The forms for the second and third components of the model are based upon 
the actual MLS Glide Slope error budget (Table 2 of Ref. l8) . 

LOCALIZER ALIGNMENT AND NOISE MODEL 

The model of the MLS localizer signal to be used in the system performance 
analysis represents the received signal in the aircraft. Consequently, only 
the deterministic portion of the received signal model is a function of the 
receiving antenna location for a given range . 
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The model of the received signal consists of three components: 

• The selected ideal straight course line at angle 'i -with 
respect to the extended runway centerline as measured 
in a horizontal plane . 

• The deviation of the mean alignment, Ai', of the MLS 
localizer guidance reference in a horizontal plane 
with respect to the selected course line in azimuth. 

• The angular deviation, v, arising from irregularities 
in the localizer course structure with respect to the 
beam mean alignment . 

The first of the above components, is dctenninistic . The forms for the 
second and third components of the model are based upon the actual MIS Locali- 
zer error budget (Table 2 of Ref. l8) . 

Alignment Errors 

The alignment errors represent biases or mean deviations which vary frem 
facility-to-facility over a relat ‘ -'ely narrow range . These errors can, in 
principle, be reduced to zero by adjusting the elevation or azimuth transmitt- 
ing antenna pattern. However, from one approach and landing to the next the 
value of the mean deviation changes in the simulation model in order to repre- 
sent a population of MLS facilities . The models for these components are given 
in Table A-1 . Alignment error effects are negligible, therefore alignment 
errors are not included in the system performance analyses . 

Noise Errors 


The noise errors represent stochastic disturbances arising from in-beam 
multipath effects . It represents the variability about the mean deviation 
which causes a noisy deviation signal to be received. This component is repre 
sented in the model by a power spectral density consistent with the actual MIS 
error budget for multipath effects falling within the aircraft path response 
bandwidth . The models for these noise components are given in Table A-2 . 
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TABLE A-1 


MIB GUIDANCE ERROR MODEL FOR AUGNMENl' (BIAS) 


Alignment (Bias) Error (2a) 

Elevation 0.06 deg*[l .4 ftt mgA at 1145 ft] 

Azimuth 0 ,044 deg [9.0 ft MGA at I5OOO ft] 

Alignment Error Math Models 


Elevation 


State equation and mean initial value 

= 0 , Se(o) = 0 

Initial value for variance of A0 

= (0.022)^ = 4 .84 X 10”**’ deg^ 

Azimuth 

State equation and mean initial value 
At «= 0 , At(0) = 0 

Initial value for variance of At 

a%, = (0.05)^ = 9-0 X lO"** deg^ 


*1 ft = 5 .048 X 10~‘' m. 

+ 1 deg = 1 .745 X 10*2 rad. 
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TABLE A- 2 


MLS GUIBAKCE ERROR MODEL FOR NOISE 
(IN-BEAM MULTIPATH) 

"Path Following" (Low Frequency) Fluctuations 

Fassband: (Assumed constant power spectral density in interval 

cited, zero elsewhere) 

Elevation Fassband 

0 to 1 .0 rad/sec 

Azimuth Fassband 

0 to 0.5 rad/sec 

Assumed approach inertial speed is 200 ft^/sec 

Level (2o): 

Elevation 

0.07 de^ [1 ft MGA at ll45 ftj 
Azimuth 

O.O^f deg [9.0 ft MGA at 130OO ft) 

Fluctuation Math Models 
Elevation 

State equation and mean initial value 

1 - Hv||/I^q + o^V^lvIlA^ , n(0) = 0 

Inertial speed is ” 

Fluctuation scale length is L^ = 200 ft 
Standard deviation is 0^ = 0.07 deg 
Independent, zero mean, unit white noise is w^ 

Azimuth 

State equation and mean initial value 

V = -|vJ|/L^v + a^,V2ivJ|/L,, w^ , v(0) - 0 

Inertial speed is V| 

Fluctuation scale length is = JjOO ft 
Standard deviation is Oy = 0.0^ deg 
. Independent, zero mean, unit white noise is w^ 


■»! ft = 5.0i»8 X 10‘1 m. 

♦1 deg e 1 .7U5 X 10*2 rad. 
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Distance Measuring Equipment (DME) Errors 

The DME output is assumed to contain zero bias (Ref. 19). Fluctuations 
are budgeted to have a 2a error of ^0 ft (12 m) (Ref. 19) over a zero to 2 rad/ 
sec rectangular passband (Ref. 17). The IME error, Xq, Is modeled by the 
following differential equation and parameter values 

Xc = “ti^Xc + ax^ ^2 oic ^4 , Xc(0) = 0 (A-1 ) 

where W4 is an independent, zero mean, vuiit white noise . The standard devia- 
tion is oxj, = 20 ft (6 m) . The half -power frequency is uic - 2. rad/sec. 

WIND, WIMD SHEAR, AMD TURBULENCE MODELS 

This subsection documents models for the atmospheric disturbance environ- 
ment which forms part of the overall system performance model. 

The atmospheric disturbance environment model represents disturbances of 
three types. These are the mean wind, wind shear and stochastic ttirbulence. 
All three types are characterized by parameters which are a function of alti- 
tude, and which them-elves are possibly random variables. 

The mean wind and wind shear are deterministic disturbajices for any one 
approach and landing operation. However, from one approach and landing to the 
next, the level of the mean wind and wind shear is a random selection from a 
Gaussian distribution having a particular mean and standard deviation. These 
diaturbantes are therefore properly applied to the stochastic portion of the 
system perfoimance model. The turbulence is a stochastic disturbance. The 
turbulence is therefore applied to the stochastic portion of the system 
performance model. 

Mean Kind and V7ind Shear (Ref. and 20) 

Headwind Component 

The headwind component, uw, of the steady headwind profile of Ref. 20 is 
used. This results in a profile whose magnitude is determined by a random 
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selection from Gaussian distribution. Thus, for any given approach and 
landing, the profile is fixed, but from one approach to the next the profile 
changes. A sample profile is shown in Pig. A-1 . To obtain any other profile, 
it is only necessary to scale up (or scale down) the wind magnitude. Con- 
veniently, any particular profile can be completely determined by specifying 
the magnitude at a given reference altitude . For the purpose of discussion, 
a wind reference altitude of 10 ft (5 m) will be selected. This corresponds, 
to the approximate altitude of the center of gravity for a typical aircraft 
at the instant of touchdown. At this altitude the wind magnitude varies from 
a 10 kt (5 m/s) tailwind to a 26 kt (IJ m/s) headwind ( ^5o) and has mean value 
of 8 kt (4 m/s) . These values are consistent with the design values specified 
by the EAA in Ref. 21 . 

The probability density function for the mean wind, uvj, is a Gaussian 
distribution with mean and standard deviation given by: 


where 


and 


F„ = 15.5 ft/sec (8 kt) (4.1 m/s) 

Dv, = 0.45 

Ew = 0.35 

Hy, = 10,000 ft (3048 m) 

h* = H + hocg 


(A-2) 

(A-3) 

(A-4) 


H is the altitude of the main landing gear wheels and hocg the aircraft c.g. 
altitude at touchdown. The mean wind Uw has the following shear characteris- 
tics (Ref. 20). 
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TABLE A-3 . SHEAR CHARACTERISTICS 


h* (ft) 

SHEAR 


ft/sec/lOO ft+ 

kt*/l00 ft 

10 

39.2 

23.2 

100 

3.92 

2.i2 

300 

1 .31 

0.77 


tl ft - 3.048 X 10"^ m 
kt “ 5-1^ X 10"^ sa/& 


These characteristics also tend to be consistent with l/^ of the 8 kt/lOO ft 
(30 la) specified by the FAA in Ref. 21 at an altitude of 100 ft (30 xn) . How- 
ever, the increasing shear with decreasing altitude of the present model poses 
a more severe but perhaps more realistic environment than does the Ref. 21 
model . 

The state equation for modeling the reference value of the steady headwind 
and its mean initial condition are 


'^o = 0 i ^o = ft/sec 
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where the initial value of the mean headwind Vjn^ is: 


VhWo = 


F»tOw loeio (Ho + h ) + 


_OC£ 

Dw-JLEh- 


(A-6) 


Hq is the initial altitude of the main landing gear wheels . The initial con- 
dition for the covariance equation is 


where 




E[UwoJ = Ouwo 

I0g,p [H^ f . B^)q-(Ho ^ h-csl/Hw 

Dy, + E„ 


(A-7) 


(A-8) 
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The headwind profile is then given by 


where 




(D^ log^O 

(Dw losio [Ho + hocg] + ^ocgJ/^ 

(A-9) 


Crosswind Component 

The probability density function for the crosswind^ v^, is a Gaussian 
probability density function with a zero mean and standard deviation: 


^w 

= 0 

(A-10) 

<^Vw 

. I°ei0 “* + 

(A-11) 

Jw 

= 8.455 ft/sec (5 kt) (2.574 m/s) 

(A-12) 


This model results in 3 o crosswind components of +15 kt (T.Y m/s) at an alti- 
tude of 10 ft (3 m) . 

The state equation foz' modeling the reference value of the steady cross- 
wxnd and its mean initial condition are 

v„o « 0 ; = 0 (A-13) 


The initial condition for the covariance equation is 


E[vwol 


where 


Vwo 


Ov 


wo 


J (D log,^ [H + h ] + E )e'f^ '*■ 
w' w ^10 o oc’g'' w' 


)/Hw 


Dw + Ew 
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(A-15) 
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The wind profile is then given by 




■;o 


(A-16) 


where 


Ky = K^(H) 


loS,o hT •»• E„)e 

(Dv, logio [Ho + H^cg] + E„)e 


“[Hq 


(A-17) 


Rendon Turbulence Model (Ref. 22 ) 

Loni^itudinal Components 

The model for random turbulence is a simplified version of that given in 
Ref. 22. Gradient effects associated with the normal turbulence component are 
neglected. For any one approach the randoi:i turbulence components have Gaussian 
probability density functions with zero means. The standard deviation Oug 
should be chosen for each approach from a Rayleigh probability density func- 
tion* having a characteristic speed of Ojug ft/sec. However, for the sake of 
sjjnplicity, the mean value of oug> which is atj^g, is used for all approaches 
in the overall system performance model. 


2.79 ~ 0.2*»5 logio h* ft/sec h* > 100 ft (JO m) 

2.3 ft/sec (0.7 m) h* < 100 ft (50 m) 

(A-18) 

The standard deviation a„g is a function of Oug. The frequency content of the 
random turbulence and 0g^ arc functions of altitude . 




*The Rayleifih probability density function is for Ug (rather than Ug as 
stated in Ref. 2.i. This reinterpretation is baaed on Ref. 23, paragraph 
3.7.3, A, 1 . 
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The pover spectral densities for the longitudinil and normal random 
turbulence compouerts at a given altlt-ide are respectively: 

♦u (A- 19) 


where 


I feS • 

0>^ + (1 .594v^yi^)2 

— 00 


(A-20) 


(A-21) 


^Wg is a lower order approximation to the power spectral density given in 
Ref. 25 • The approximation is such that the mean-square level and half- 
power frequency are preserved. 

Tlie differential equations for unit-whlte-noioe shaping filters pro- 
ducing output variables u^ and Vg having power spectral densities and 
respectively are; ® 

D 


“e = + O V'^IVaJAu 


(A-22) 


Wg 1 + o„^\/20 ‘'i )lv^ |/\ (A-25) 


where and w^ are ludopcndont , zero-mean, unit white noises. is the 
trim approach airspeed. ° 

Ihe Integral scale lengths Lu and Lw given as functions of altitude 
h* by 
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1 


= l45[h*]^/5 


100 < h* < 1750 ft (533 m) 


i 45[100]’/^ = 675 h* < 100 ft (50 m) 


(A-24) 


Ly, = h 


h* < 1750 ft (533 m) 


(A-25) 


The standard deviation for the normal turbulence component a^g is related to 
the standard deviation for the longitudinal turbulence component oug through 
the integral scale lengths. 


«Jw- = yj'^/hx OUfl 


(A-26) 


The random turbulence model is used in the stochastic portion of the 
system performance model throughout the approach and landing. 

Lateral Components 

The model for random turbulence is a simplified version that given in 
Ref. 22. Gradient effects associated with the lateral turbulence component 
are neglected. For any one approach the random turb\ilence components have 
normal probability density functions with zero means. The standard deviation 
a is chosen from a Rayleigh probability density function having a character- 
Jllc speed of ft/sec. The frequency content of the random turbulence and 

*g 

Oa are functions of altitude. 

‘The power spectral density for the lateral random turbulence components 
at a given altitude is: 


^ (oi) 

v_ 


4 2(i* 594)V^ /Ly 


(A-27) 


S 0)*^ + (1.594 /L^)‘ 
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® lower order approximation to the power spectral density given in 
Ref. 22 . The. approximation preserves the half -power frequency and mean-square 
level . 

The differential equation for a unit-white-noise shaping filter producing 

Vg having a power spectral density is 

8 

Vg = “1 .59'*|VA|/lvVg + oVgV^I ‘594)1 Vl |/Lv w6 (A-28) 


where w^ is an independent unit-white-noise . Vj is the approach airspeed 

The integral scale length Ly = Lu* The standard deviation Oy is related 
to the standard deviation for the longitudinal turbulence component Cy through 
the integral scale lenghts, viz., ® 


•^Vg = °Ug 

which reduces to 


(A-2y) 


% ‘ % (A-50) 

The Rayleigh probability density function for Oyg is independent of that for 
oug, but otherwise identical in formulation to that given by Eq. A-l8. 

This random turublenoe model is used in the stochastic portion of the 
system performance model throughout the approach and landing . 

Spanwise gradient effects associated with the normal turbulence component 
will be represented by the simplified model of railing gust velocity in Ref. 22. 

The power spectral density for this rolling turbulence component at a given 
altitude is 
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where 


If 


then 


A-1>4 



^ J ®’(n)an 
a = a/v» 


«' (to) 



0.8 (VJ /L 

JZ ^ ^ 

'^g |(o^ + (rt V* /khf 


^ ^ J ^(to)ato 

® (to) ta n ® ’ (to) 

^g 

0.8 « (nAh)'^/^ (V* 

+ (n V* Ab)® 



(A-51 ) 

(A-32) 

(A-53) 


(A-34) 


(A-3!?) 


(A-36) 


The differential equation for a corresponding unit-vhite-noiae Pg-filter is 


Pg = -(»t]v*|Ato)Pg + Oy yjo.Q «( «Ab ) V3 ( ] vJ|/l„2/5) 

(A-ro 

where Wy ^ independent unit-white-noise, b is the reference wing span. 

The effective value of op is 

* © 





It 


(rad/sec) 


(A-38) 


so that the differential equation for the Pg shaping filter might be written 
in the alternative form 


Pg = -(«lVAlAt)Pg + tJp (A“39) 

AIRCRAFT LONaiTUDXMAL MOTION MOOSL 

The method used for system performance analysis requires that equations of 
itotion for the aircraft be in state vector form, include the pertinent kinema- 
tic equations, and that appropriate measui'es be taken to incorporate steady 
wind effects . All of these considerations force some minor changes upon tlie 
customary equatlons-of-motion model. 

The next three subsections cover in turn the kinematic equations , incorp- 
oration of deterministic wind effects and the final set of state equation.s for 
the aircraft and kinematics plus auxiliary equations for sensor Inputs which 
arc not states . 
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Kinematic Equations 


The scenario for the system performance model is shown in Pig. A-2. A 
perfectly level runway is assumed. Figure A-3 defines the perturbed coordi- 
nates for the aircraft body axes with respect to the unperturbed (or nominal) 
coordinates _ Kinematic equations locating the aircraft center of gravity 
with respept to the apparent source of the MI£ Glide Slope and with respect 
to the nuiway are 

X = coc + u cos 0Q + w sin 0* - (U* sin 0* - W* cos 0*)0 

(A-lfO) 

H - = Vj sin 7 q + cos 0 q + sin 0p + u sin “ w cos 0* 


(A-4l) 

^o = VTq “ ^o) (A-4y) 

W* = sin (0j-7o) (A-lf?) 

Additional kinematic relationships of interest are 

d = H cos *“ X sin 7^ “ 50 . cos 7 ^ (A-44) 

R = ^h 2 + (X + 50/tan (A-43) 

dg = dc - d = Rn “ d (A-46) 

R is the distance between the aircraft GPIP in Jig. A-3. 


The steady wind* acts in the horizontal direction only. For a given 
airspeed, VAq> and flight path angle, 7o^ and steady headwind, VHl^, the 

*The "steady wind" Vhw is here taken as the mean value of the wind Uw in 
the system performance model. See the second subsection of this appendix for 
a description of the mean wind. 
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MLS Guidance Reference 



Runway 

Threshold 


Touchdown 
Point, TD 


X s-50ft / ton y_ 
GPIP ® 




Apparent For* Field Source 
Point For MLS GS 


Figure A~?. Scenario for Approach and I/mding 
for System Performance Analysis 
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Figure A-5 . Perturbed Coordinates Locating the Aircraft 



corresponding steady Inertial speed, and aerodynamic flight path angle, 

’'Ao’ 

- VvAo » ’'o - ''hW ■=“ ’’o (*■'*'') 

(V'^o * sin“ >o - Vhiv cos 7 q ) sin 7o 
£ sin"' “ 

Va 

o (A-ii8) 

When the steady headwind is r.ero, then Va^ = " ^o> Mq “ >o> 

a.* = a. U* = U . and W* - W where the unstarred qualities have the customary 

^ O C ' O 0 

definitions . 

Deterministic Wind Effects 

The mean wind and wind shear components of the atmospheric disturbance 
environment act in a horizontal direction and therefore must be resolved into 
aircraft body-fixed axis coordinates for proper application via the aircraft 
equations of motion. Let the longitudinal and normal conpcnetits (with respect 
to body-fixed axes) of the deterministic atmospheric disturbance environment 
be designated u^ and w^, respectively. 


"A ‘ 

-Uy cos 


+ 0 ) 

s -u„(oos 

9*-0 sin 0*) 

(A-Ji9) 

«A 

-niy sin 


f d) 

? -Uy(sin 

0* + 0 cos 0 *) 

(A-:;>o) 


u^ represents the mean wind and wind siioar component described in the second 
subsection of this appendix. Tlie linearized appro.xioiate expressions for u;^ 
and w^ are used in the system pcrfonnatice model, u^ and w^ enter tlio equations 
of motion In tlie manner of and w^. 
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State and Output Equations for the Aircraft 

Aircraft perturbation equations of motion are customarily expressed in 
terms of states u, w, q and 0 . Assuming Zg = 0 and neglecting normal gust 
gradient effects, the aircraft state equations are (Ref. l4) 

u = X,U.)^.-W;q.(Vi^^K,X°-gcosa> 

+ + ^6cl®cl - Vg ~ Vg 

+ X? „u„o - i u(0) = 0 (A-51) 

w = Z^u + ZyW + U*q + - g sin B*)$ 

+ 2bjjj8uj + - ZuUg - Z,^Wg 

+ z3Cw«wo ~ > w(0) = 0 (A-52) 

q = (Mu + MvJZu)u + (M^, + M^Z„)w + (M^ + M^jUj)q 

^^8u{)8lN 

* (*’’*ScL Mv5ZSj,j^)Bcl - (Mu + M,;Zu)ug 

— (Myj + My)Zy)wg + (Mu + M^Z^I^UyQ 

- (M° + M^z[J)Vm/^ • q(0) = 0 (A-53) 

® = q (A-54) 


A-ao 


where 


= Xu cos ej + X„ sin 0* • ' 

2u “ ^u CoS 00 + Zy sin 0 q (A“5*^) 5 

t 

j 

Mu = Mu cos 0Q + M,^ sin 0 q (A- 57) ? 

and 

X° = x„ cos e* - Sin e* (A.^8) 

^'w ~ cos Oq “ sin Oq 

mJ = M„ cos 0; - Mu sin 0$ (A-tK^) 

The airspeed equation is 

Va = cos (rj^ ~ . u cos (0* - 7*J ~ Ug cos (0* - 

+ w sin (0* - 7I0) - Wg sin (0^ - rA^) " t? Vh>„-^K„ sin ; 

■*■ “wo*^ ^A (A-o!) 

0 

The output equation for H is t^iven above with the kinematic equations. 

Numerical Data for Example Aircraft 
and Kinematic Constants 

Numerical stability and control data for the XV-l^ aircraft. (Fig. A-J*) is 
given in Table A-i» for flighL path angles of -6 and HO deg (-0.10 and -0.17 
rad) and airspeeds of 0, 20, 1*0, 60 and 80 kt (0, 10, 21, ?1 and 1*1 m/s) . 

Numerical trim map data .*s given in Table A~5. Linear interpolation- between 
data points arc used to compute 0i(VA^j, >a^) and Gci,^(Va^, 7Aq) trim values. 
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3.o4fl X 10"' a. 
5.lOf X 10"’ n/a 






table A-5 

TRIM DATA (W = 13000 Ib) 


^Ao 

kt®" 

ft^/sec 

e* 

'^0 

des 

7 l 

deg 

ScLo 

^ 

In. 

in. 

2 

3.38 

2 

0 


80 

5.02 

0.{ 


23 

47.32 

0 



62.5 

4.08 



4-2 

70.98 




51 

3.45 



57 

96.53 

-4 



45 

3.13 



68 

114.92 

—6 



45 

3.13 



79 

133 .^51 

-8 


) 

48 

3.29 



94 • 

158.86 

-10 

C 

) 

56.5 

3.75 

0. 

0 

1 .75 

2.96 

2 

-i 

> 

80 

5.02 

0. 

.0 

26 

43.9** 

0 



61 

3.99 



4o 

67.60 

-2 



45 

3.13 



55 

92.95 

-4 



33 

2.48 



68.5 

115.77 

-6 



29 

2.27 



80.5 

136.05 

-6 


'f 

29 

2.27 

1 


96 

162.24 

-10 

“6 

33 

2.48 

0 

.0 

1 .5 

2.54 

2 

-12 

80 

5.02 

0 

.0 

24 

40.56 

0 



60 

3.94 



57 .5 

63.38 

-2 



40 

2.86 



55 

92.95 

-4 



21 

1 .83 



71 

119.99 




11 .5 

1 .32 



85 

143.65 

-8 

! 


9 

1 .19 



101 

170.69 

-10 

-12 

9.5 

1 .21 

c 

1.0 

^1 kt = 

5.144 X lO-l 

m/s . 








^1 ft = 3.048 X 10"^ m. 
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The trim value for was taken as zero for all conditions. The data for 
Table A-5 was obtained from Pig. 10 supplied by NASA. 

The kinematic constants of interest are the initial unperturbed altitude 
of the wheels above the runway, Hq, and the pilot -selected Glide Slope angle, 

0, which is also equal to the negative of trimmed flight path angle, 7 q. 

Values for these are 

Hq = 3^0 ft* (104 m) for 7 q = -6 deg , 500 ft ( 152 m) for 7© = “10 deg 

(A-62) 

7o = -6.0 , _rlQ.O deg (~0.10,_=aa7 rad) (A-65) 

Xo = (Ho - 50)/tan 7 q (k-Gi) 

Xq Is the initial location "Df ihe (unperturbed) aircraft, e.g., in the hori- 
zontal direction with respect to the touchdown point. The initial altitude of 
the aircraft o.g. above the touchdown point is Hq + hoog* 

AIRCRAFT LATERAL-DIRECTIONAL MOTION MODEL 

Kinematic Equations 

The scciiario for the system performance model is shown in Pig. A-5. A 
perfectly level runway is assumed. Figure A-6 defines the perturbed coordi- 
nates for the aircraft body axes with respect to the unperturbed (or nominal) 
coordinates. The longitudinal kinematic location of the aircraft center of 
gravity with respect to the touchdown point is obtained as a tubular function 
as the result of exercising the longitudinal model. The following mean value 
data is collected at 2 sec intervals and stored in a file: t, H, X, R, 

(VAo + UAS) ^ Va, ( 0 * + 0) . 0* and (V|^ + u) = Vj. 

Kinematic equations locating the aircraft center of gravity laterally with 
respect to the extended runway centerline are 
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Figvire A-6. Perturbed Coordinates Locating the Aircraft in a Horizontal Plane 




(A-65) 


y = + 'k[U* oos ©* + W* sin 6*] — W*9 


i|r = r/cos 0 * (A-66) 

9 = p + r-tEui S* (A- 67 ) 

a^' = - W^p + U*r - g cos 0*9 

- ^zaP + 

U* = Vj cos(0* - 7o) 

W* = V|sin(0*-7o) (A-70) 


The crosswind and crosswind shear act horizontally and in a direction 
perpendicular to the runway. The positive sense of the crosswind is directed 
away from the runway centerline toward the left wingtip of an xuiperturbed 
landing aircraft. The crosswind, Vy, therefore must be resolved into air- 
craft body-fixed axis coordinates for proper application via the aircraft 
equations of motion. Let the longitudinal, side and normal components (with 
respect to body-fixed axes) of the deterministic crosswind disturbance be 
designated \xp^f v^ and w^, respectively. 

bA “ (®o ” "^w 'J' (A-fl) 

“ “^w[sin Ilf sin (0 q + 0) sin 9 + cos i|f cos 9] 

= (A- 72 ) 

wa = -v„(sin ♦ sin (0j + 0) cos 9 - cos i|f sin 9] 

= -v^[i|' sin 0 Q “ 0 (A-75) 
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The linearized approximate expression for is used in the system performance 
model. — enters the equations of motion in the manner of Vg. 

The lateral displacement of the aircraft vith respect to the MLS guidance 
reference is 


ye “ Yc “ y 


(A-74) 


is obtained from a statistical description of the MLS guidance signal 
in terras of the received signal (deg) as 


570 


(A-75) 


where 


^[Rq"~-(X + 50/tan 7 q)] 2 + {l2 


(A-7b) 


State Equations for the Aircraft 


The aircraft state variable equations are 


+ SlT ♦ SPD - ^ Vg 


Yv . V 

+ ^‘KwVwo (P ^ ' ^A = const.) 


(A-77) 


P = LpP + + L^r + ^SjjjPlT + I*6pjjPpD 

- I-^A Vg - Lj[^g + K„v„o 


A-2'-) 


r = Npp + Npp + Nj,r + 

^pAa ■'^g ~ NpPg + Np/VA Kv,v^o (A-79) 

I The coefficients for these equations-and the kinematic equations given earlier 

j for the lateral-directional model are- time -varying by virtue of their depend- 

I dence upon kinematic variable values determined as a result of the longitu- 

j dinal performance analysis calculations. The kinematic variables are t, H, 

i X, R, Ya, 0* and V| . Numerical values for the stability derivatives in 

i Eqs. A=-77 through A-?9 are given in Table A-6 as functions, of airspeed and 

aerodynamic flight path angle. 
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AEPENDIX B 

EQUATIONS AND DATA FOR SYSTEM PERFORMANCE EVALUATION 
METHOD FOR USING PERTURBATION STABILITY DERIVATIVBS 


The XV-15 parametric data are in terms of small perturbation stability and 
control derivatives at specific static trim conditions in distinction to para- 
metric data wherein the stability and control derivatives are expressed as 
functions of the trim variables . This and the fact that the performance 
evaluation required in this research program involves fairly rapid decelera- 
tion during final approach from 60-80 kt (51 -^1 m/s) to hover, in turn, has 
required development of a special procedure for using the available data. 

This has been necessary for three reasons: 

® Validity of the (small) pertvirbation equations of motion 
requires that the perturbation variables indeed be kept 
reasonably small. This is particularly important for 
longitudinal perturbation velocity and airspeed which 
tend to grow large because of the wind shear and decel- 
eration . effects . 

0 Coefficients in the perturbation equations of motion for 
the aircraft are functions of trim airspeed, wind speed, 
pitch attitude, collective pitch, and longitudinal cyclic 
pitch, i.e., of the operating point. 

• Trim data are for static, that is, unaccelerated conditions 
only. Valid application of the data requires that the opera- 
ting point be a constant airspeed, wind speed, flight path 
angle and pitch attitude condition. V/ind shear and decel- 
eration to hover obviously make it impossible to select a 
single operating point for the landing approach which will 
cause all perturbation variables to be reasonably small. 

The method developed for circumventing this difficulty withou t necessity for 
additional assumptions is given below . 

Linear perturbation differential equations for the aircraft are in the 
form: 


X «= Ax + b , x(0) 


Xq 


(B-1 ) 
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The actual response, X, consists of the perturbation response plus the 
operating point, Xq. 


X = X + X„ 


(B-2) 


The elements of A and b are functions of the operating point, Xq. 

Next, consider how Eq. B-I mey be codified to allow for periodic a<yustment 

of the operating point in the course of solution. This periodic adjustment is 
for two purposes: 

* ^ point for which the perturb’^ion 

variables, x, are once again small (ideally, aero) . 

• To revise the coefficients, A and b, in the equat ons so 

correspond closely (ideally, exactly) to 
values for the actual values of pitch 
attitude, wind speed, airspeed, flight path angle, col- 
lective and longitudinal cyclic pitch. 

The Ideal cannot be achieved for either of the above objectives if the system 
i= not in static equilibrium (i.a„ i/o). However, it is possible to 
approach the ideal closely for the decelerating conditions of interest. This 
is accomplished by using the actual values of airspeed, wind speed and flight 
path angle existing at the time of adjustment to partially define the revised 
operating point . The remaining parameters defining the revised operating point 
are determined by requiring static trim given those first several parametera. 
The difference between the static trim values for these latter operating point 
parameters and the actual values defines revised initial conditions for the 
perturbation variables . These are used in resuming solution of the dlfferentiai 
equations. The specific procediu’es are given below. 

Perturbation Equations 

Let xo„ be the constant, .Incremental revision to the operating point for 

the nth interval. Then the operating point for the nth time interval, Xn , it 
given by ' “vn» 
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Xon = xon + , 


n 


■= 1 > 2 .- 




< 


(B-5) 


The perturbation differential equation for the nth time interval may be 
written: 


X = (x + Xqq) = A(x + Xq^) + b - = Ax + b (B-4) 

The initial conditions are obtained by requiring that (x + Xo^) a't the beginn- 
ing of the nth time interval be equal to (x + Xon>i) (n-l)st 

time interval . The quantities xo^^ and Pxq^ are zero by virture of the defini- 
tion of trim for small increments of the operating point, xo^ • 

These differential equations must be discretized for use in the performance 
analysis program. Let the discretization interval be T. Then the transition 
from the beginning to the end of the nth time interval is given by 


2^n+1 = 9xn + ®b (B-5) 

where 9 = e^^ and ^ da . The quantities used previously may be 

used to obtain the recursion equations for x and X. 


^n 

- Xojj + 


(B-6) 

xn 

= xn + xoj^ 

(value of x at t^) 

(B-7a) 

*n+l 

” <px^ +*0b 

( value of X at ) 

(B-7b) 

Xn+1 

“ %+1 ^on 

(value of X at t„^^ ) 

(B-7c) 


Operating Point Revision 

The operating point revision concept is to maintain the Initial value of 
the airspeed perturbation variable zero for each time interval. Operating 


B-5 



point airspeed > flight path angle (7 q), and wind speed are, in 

effect, given. Calculation of aerodynamic flight path angle (7Aon^ enables us 
to calculate or look up values for all other trim quantities if equilibrium 
flight is assumed . 




= sin-:^ 




san-7o 


•HWn 


Vjbr 


(B-8) 


Trim pitch.-attitud-j, collective-pitch, and longitudinal cyclic pitch are 
obtained from trim maps as functions of ^Aon* values for 
inertial speed, longitudinal speed, normal speed are given by 


Vlon “ T'o " 7^ (B-9) 

Uon = Vion cos (0on - 7 q) 

Won “ Vion sin (0on - 7o) 

The aircraft stability and control derivatives are functions of and_7^Q^ . 

Consideration of the above procedure for operating point revision reveals 
that assumption of static equilibrium results in different values for collec- 
tive pitch, longitudinal cyclic pitch, and pitch attitude than exist in the 
actual, decelerating case. The differences tend to be small. The pitch atti- 
tude difference, in turn, affects the longitudinal and normal trim speeds, but 
also in a small way. These differences in each case are, of course, cempensated 
by initial conditions on corresponding perturbation variables . 
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Eq.uatlons and 


Longitiidinal equations used in- performance evaluation-are summarized in 
Table- B-i . Numerical values- for the control system parameters, switch settings 
and switching criteria for the longitudinal system-modes are given in Tables B-2 
through B-4 . The lateral^directional equations used are summarized in Table B-5 • 
Numerical values for the control system parameters are given in Table B-6- - 
Switch settings ancUswitching criteria for the lateralrdirectional control 
system modes are given in Table B-7 • 
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TABUE B-1 

LONGirUDIlJAL pQUATIQBS FOR SISTEM PERPORI^'CE EVAIUATIQN 
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TABI£ B-1 (Continued) 
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TABIE E>2 (Concluded) 




TABLE B-3 . SWITCH SETTIHGS FOR LONGITUDINAL PERFORMANCE EVALUATION 
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2ABLE B-4 


lONGITUDINAL COUTEOL SYSTEM MODE SWITCHING CRITERIA, 


CONTROL SYSTEM MODE 



CYCLIC- 

AXIS 

COLLECTIVE 

AXIS 

LSW 

CODE 

CRITERION 

• 

AS 

GS 

1 

Problem Initialization: >0 ft,* 

101 . 4 < V^ < 156.0 ft/sec 

AS 

GS 

2 

> 0 ft 

DECL I 

GS 

3 

eg < 0 ft, tJ < 2.1 sec 

DECL 

GS 

k 

Tjj > 2.1 sec, > 0 ft, X > ft/sec 

HOV 

GS 

5 

ejj < 0 ft or X < iLtm ft/sec and 
H > 51 .0 ft 

HOV 

ALT 

6 

H < 51 .0 ft, tJ < 15.0 sec 

HOV 

VD 

7 

% ^ 15*0 sec, H > 0 ft 


*1 ft = 3.048 X to"’ m. 

■^Elapsed time from initiation of mode . 
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TABI£ B-5 (Continued) 
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TASIiB (Continued) 




TABIE B-6 


LATERAL-DIRECTIONAL CONTROL SYSTEM PARAMETERS 
USED IN PER3JXDRMANCE EVALUATION 


LOC A AND liOC B 


H . 

[int/Crad/sec)] 

10.0 

Kr 

[in ./(rad/sec) ] 

13.0 

% 

( in ./rad) 

13.0 

ksyn 

(rad/sec) 
10 .0 

Ky 

(rad/ft^)_ 

0.002 

[r"-d/{ ft/sec) J 

0.017 

Kcq, 
(-) 
1 .06 

Kdp 

(sec) 

0.425 

(rad/sec) 

0.1 

(rad/sec) 

2.0 

(rad/sec) 

i4.9 

(rad/sec) 

4.0 

Rq 

(rt) 

1000* 



LOC A (S;^ = 1 .0) 





Kp 

[in ./(rad/sec) ] 

5.6 

(in ./rad) 
11 .2 

(l/sec) 

2.93 

% 

( rad/sec} 
0 

c 

(rad/see) 

0 

*^PDL- 
( in ./rad) 

1 .0 

«Pq> 

(-) 

5.62 





1 in. = 2.54 X 10“^ ID. 

■^1 ft = 3.048 X 10*'’ m. 

^Number shown is for landing on VTOL pad. CTOL runway value is 10,000. 
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IAB1£ B-6 (Concluded) 


LOG B (§A = 0) 






"c 

[in ./(rad/sec) ] 

(inyrad) 

( j/sec) 

(rad/sec) 

(i-ad/sec) 

8 .0 

12.0 

3.i4 

1 .0 

0.5 

KpDL 

Kpp 




(in ./rad) 

(-) 




1.6 

2.5 
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TABLE B-7 



LATERAL-DIRECTIONAL. CONTROL SYSTEM MODE 
SViITCHING CRITERIA AND SWITCH SETTINGS 

CONTRCL 
SYSTiM _ 
^^ODE 

SA code/ 
VALUE 

CRITERION 

LOG A 

1 

Ya ^ 84 .5 ft*/aec 

LOG B 

0 

Ya < 84 .5 ft/sec 

1 ft = 5 .048 X 10~1 m. 




